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The last two decades has witnessed an unprecedented growth in our ability to 
engineer biological systems for a wide range of applications ranging from the development 
of smart therapeutics, production of valued products and chemicals and engineering crops 
with programmable traits and much more. At the core of these capabilities has been the 
design and characterization of synthetic genetic programs that has enabled the predictable 
programming of cellular behavior and phenotypes. A fundamental challenge in the 
construction of such circuits and programs is being able to design and model them against 
a variety of organismal backgrounds, which can be often difficult to predict and can lead 
to circuit failure when systems are ported across organisms. 
Such failure modes can potentially be mitigated by embedding orthogonal modes 
of transcriptional control and regulation in genetic programs to drive the expression of the 
circuit components in both prokaryotes as well as eukaryotes. Specifically, in prokaryotes, 
we demonstrate how an autoregulated network controlling the expression of an orthogonal 
RNA polymerase – T7 RNA polymerase, can be utilized to precisely express target genes 
in a highly predictable manner dictated by mutant T7 RNAP promoters. Furthermore, with 
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the use of a modular architecture we show how such expression systems can be readily 
ported across diverse prokaryotes. In each species, the relative strength of expression 
obtained from the T7 RNAP homeostasis circuit is nearly identical, suggesting T7 RNAP 
driven expression systems can be utilized as predictable cross-species gene expression 
platform.  
In another example, orthogonal transcriptional regulation was engineered in a 
complex eukaryote (plants) using a programmable transcription factor - dCas9:VP64 and 
a set of designed synthetic promoters whose activity can precisely regulated with the 
expression of specific guide RNAs (gRNAs). This strategy was used to construct three 
mutually orthogonal promoters, allowing multiplexed control of gene expression in plants. 
Overall, the design strategies and architectures described in this work can be used to 
explore the design of more complex circuits where the activity of T7 RNAP can be coupled 
to regulate the activity of dCas9 based transcription to generate circuits operating across 
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Chapter 1: Introduction 
“What is true for E. coli is true for the elephant”   
- Jacques Monod 
HISTORICAL ROOTS OF SYNTHETIC BIOLOGY 
In 1961, following their seminal discoveries about the regulation of the lac operon, 
Jacques Monod and Francois Jacob posited that the cellular response to fluctuating 
environmental conditions was primarily governed by networks of regulatory proteins 
coordinating the expression of genes 1. In the following decades, as the molecular details 
of the various regulatory processes were elucidated, it became clear that cells employed a 
wide array of complex signal transduction and processing pathways to coordinate the 
expression of genes both at the level of transcription as well as translation 2-4. The ushering 
of the ‘omics’ era in biology catalyzed by high-throughput techniques like microarray 
technologies, next generation DNA sequencing, provided a more holistic view of gene 
regulatory networks 5. It became apparent that the vast number of regulatory proteins and 
pathways were organized as hierarchy of discrete functional modules, which in turn 
dictated the gene expression dynamics 4, 5. 
In parallel, the advent of the recombinant DNA technology in the 1970s and 80s 
led to the design and construction of synthetic gene switches 6-8. These simple transcription 
switches enabled temporal control of expression by placing the target gene under synthetic 
promoters engineered to be regulated by naturally occurring transcription factors such as 
LacI or TetR, and the expression of the target gene can be induced upon the addition of a 
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specific molecule like IPTG (LacI) or anhydroetracycline (TetR) 9. The inducers were 
specifically chosen to act orthogonally to that of the host metabolism, to only selectively 
express the target gene without perturbing the host chassis. Initially characterized in  
Escherichia coli for recombinant protein expression, such switches were then designed to 
operate in eukaryotes by simply incorporating these transcriptional regulatory elements in 
eukaryotic promoters 6, 8. Such inducible gene expression systems have since proven to be 
invaluable tools in recombinant protein expression and advanced our mechanistic 
understanding of biological processes.  
BIRTH OF SYNTHETIC GENE CIRCUITS 
Moving forward, coupled with the understanding of gene regulatory networks, it 
posed a tantalizing question – was it possible to design genetic programs beyond just 
simple transcription switches and embed them in cells to generate predictable phenotypes? 
That simple question is the central tenet of synthetic biology. The ability to control and 
alter cellular behavior by embedding them with artificial genetic programs will have 
profound implications, resulting in the design of smart therapeutics and diagnostics, 
generation of crops with programmable traits, and biomanufacturing of novel products10-
14. Shaped by billions of years of evolution, cells have developed a plethora of regulatory 
processes to modulate and coordinate expression of gene(s) in response to a wide range of 
chemical and physical stimuli 15. These regulatory modules can be understood as genetic 
circuits or programs, and are typically composed of fundamental elements such as 
promoters, ribosome binding sites (RBSs), terminators, transcription factors, receptors and 
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so on. The interactions between these elements determine the ‘logic’ of the genetic 
program. To better discern the design principles behind these modules and networks, it was 
critical to construct synthetic versions with programmed interactions and assess their 
dynamic behavior. Such efforts were further catalyzed by the accelerated growth of 
recombinant DNA technologies along with plummeting synthesis and sequencing costs 
allowing for assembling designed genetic constructs. 
About two decades ago, two seminal papers were the first to demonstrate how 
existing transcription factors and their recognized promoters can be rewired to construct 
artificial network topologies beyond simple gene switches 16, 17. In both cases these gene 
networks were designed to execute a specific dynamic process which was predicted by a 
quantitative model. In one example, Collins and colleagues designed a genetic toggle 
switch using two repressors – LacI and TetR connected in a mutually inhibitory manner 16. 
Using a relatively simple quantitative model describing the mRNA and protein expression 
dynamics of the circuit elements, the authors showed that cells harboring this synthetic 
circuit could toggle between two stable states of gene expression upon exposure to a 
chemical or a physical input. In the other example, a synthetic transcriptional oscillatory 
network was designed by Elowitz and colleagues using three repressors – LacI, TetR and 
cI, (lambda repressor) where each genetic element cyclically inhibited the expression from 
its adjacent promoter 17. Similar to the characterization of the genetic toggle switch, the 
authors leveraged the use of a quantitative model to guide the design process and identify 
the necessary conditions to achieve oscillatory behavior. While both these circuits were 
built using a handful of genetic elements, these first successful instantiations of synthetic 
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circuits put forth a new model-guided paradigm for the engineering of synthetic gene 
regulatory networks in biological systems.  
EXPANSION AND GROWTH OF SYNTHETIC GENE CIRCUITS 
In the following years, inspired by the toggle switch and oscillator, several studies 
applied similar circuit engineering principles to build and quantitatively characterize a wide 
number of network motifs and circuits. Initially, limited by the set of well characterized 
genetic parts, circuits with relatively simple topologies were characterized.  Some notable 
examples include auto-regulatory motifs such as positive and negative feedback loops, cell-
cell communication modules for band-pass filters and pattern-formation 18-21. As new 
genetic elements – transcription factors, promoters, RBSs began to be mined, designed and 
engineered, the size and complexity of the circuits grew significantly 22, 23. Sophisticated 
and layered circuits beyond simple gene regulatory modules were demonstrated such as 
distributed computing modules, genetic counters and Boolean functions 24-26. In the initial 
years, owing to our deep understanding and ease of genetic engineering, E. coli, served as 
the ideal chassis for characterization of majority of the circuits. Moving forward, to assess 
the performance of the synthetic gene networks in different hosts especially in eukaryotes 
such as Saccharomyces cerevisiae and human cell lines, design and characterization of new 
promoters and transcription factors was required to ensure that circuits operate optimally 
in the context of the new host chassis 11, 27, 28.  As a notable example, a genetic toggle switch 
was characterized in mammalian cells implementing the same architecture as the original 
Collins’ design 29.  By using appropriate repressors acting on engineered promoters 
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characterized in mammalian cells, connected in a mutually inhibitory manner, it was shown 
that this network can indeed act as a memory element, similar to what was demonstrated 
in E.coli 16, 29. Thus, it showed that for a given gene circuit, preserving the network 
architecture encoded in the form of interactions of the genetic elements can yield similar 
dynamic behavior across diverse hosts. Similarly, a variety of network topologies were 
transplanted in eukaryotic hosts, such as oscillators, layered digital gates and distributed 
computing modules 10, 18, 27, 30-32.  In addition to engineering gene circuits to perform 
complex computations, significant efforts were undertaken to broaden the sensing 
capabilities of such circuits. In general, allosteric transcription factors that respond to a 
variety of inputs have been extensively engineered and incorporated as sensors in genetic 
circuits. Such transcription factors have been shown to operate optimally in both 
prokaryotes and eukaryotes 30, 33. Signal transduction pathways in both prokaryotes and 
eukaryotes were engineered that enabled the sensing of novel inputs 15. A particularly 
relevant example was the engineering of a non-native two component sensor to sense light 
in E.coli, which in turn was connected to a genetic circuit to compute the specific functions 
34, 35. In eukaryotes, the plethora of natural receptor mediated pathways such as GPCRs, 
receptor tyrosine kinases have been primary targets to act as sensors 11, 15. These have been 
connected to genetic controllers to execute specific logic operations. More than two 
decades since the toggle switch and oscillator were published, it is now well established 
that cells can be engineered to perform complex computations and novel tasks with 
designer genetic programs. 
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DESIGN PRINCIPLES OF SYNTHETIC GENETIC CIRCUITS 
The successful implementation of a variety of synthetic gene circuits across diverse 
hosts, prokaryotes and eukaryotes, cemented the notion that circuit engineering principles 
could be successfully applied for the bottom-up construction of artificial gene regulatory 
modules with predictable dynamics. Despite the successful demonstration of a number of 
circuit modules, design of genetic circuits was far from a formal process. Often it relied on 
an ad-hoc process of identifying the optimal set of genetic parts such as transcription 
factors and their regulated promoters and further required an iterative process of optimizing 
the expression and mitigating cross-talk between the various circuit components to produce 
the desired output in host organisms 36. To streamline the design process, a gene circuit has 
been broken down into three main functional modules – sensors, control system and 
actuators 25, 36. Briefly, in the overall circuit, sensors transduce the signal (presence of 
specific chemical or physical input) typically by modulating the activity of a specific 
promoter, either directly via allosteric transcription factors or through more elaborate 
receptor mediated signaling pathways. The transduced signals from the sensors then serve 
as inputs to the control system, which encodes the designed logic function(s) to process the 
inputs. The control system is encoded as gene regulatory networks, where the logic 
operations are programmed via the interactions (transcriptional and/or translational) of the 
various genetic elements. Upon execution of the logic operations, the expression of 
actuators typically results in the desired cellular phenotype. For purposes of this review, I 
will focus on the existing architectures for the construction of control systems with a 
special emphasis on transcriptional regulation. 
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Tools for gene regulation 
The design of artificial control systems in genetic circuits requires the precise 
regulation of expression of target gene(s). While transcriptional regulation has been the 
primary mode of control in genetic circuits (explained in detail below), additional 
modalities of regulation such as post transcriptional and translational control elements have 
also been used explored to further augment the computing capabilities of the control 
system. Majority of such strategies have employed RNA based regulators of gene 
expression that control translation, degradation and processing of target mRNAs 37. In 
particular, these regulators rely on specific RNA motifs that can be programmed to interact 
with target mRNA either in cis or trans, governed by simple Watson-Crick base pairing.  
For translational control, designed RNA hairpins block translation by sequestering the RBS 
of the target gene 38-40. Then, upon binding of a trans-activating RNA the translation of the 
gene can be upregulated. Since the activity of riboregulators can be easily programmed 
using simple Watson-Crick base pairing rules, it has led to development of orthogonal 
translational control elements, that operate solely on sequence specificity 39. Remarkably, 
the dynamic range of expression of these engineered riboregulators was comparable to 
those observed for traditional protein-based transcription factors.  
TRANSCRIPTIONAL CONTROL 
One of the most common and widely adopted frameworks for the construction of 
biological control systems, relies on the programmed transcriptional regulation of specific 
promoters which serve as the fundamental unit of computation in a genetic circuit. In such 
a framework, both the input and output of the control system are defined in terms of 
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transcriptional activity of specific promoters, where the signal is quantified in terms of 
RNA polymerase flux associated with each promoter. Since direct measurements of flux 
can be tedious, it is generally inferred by the expression of a reporter protein placed under 
the control of the promoter 36.  The transcription activity of a given promoter can be 
regulated via transcription factors by either recruiting the RNAP (activators) or sterically 
blocking the binding or progression of RNAP (repressors). Naturally occurring 
transcription factors recognize specific sequences of DNA – termed as operators, and these 
operators can be modularly combined with host RNAP recognition sequences to design 
synthetic promoters with predictable modes of regulation 9, 22, 25, 26. This framework also 
enables the design of sophisticated programs composed of layered circuits, where the 
expression of the specific transcriptional regulators can be placed under the control of an 
engineered promoter of choice and thus, in such a configuration, an engineered promoter 
can be designed to regulate the activity of another promoter by simply expression the 
requisite transcription factor. As mentioned previously, in its simplest instantiation, 
synthetic transcriptional control was utilized to construct gene switches. In theory, the size 
and complexity of a transcriptionally controlled circuit is limited only by the number 
transcription factor: promoter pairs that can operate in the target organism with minimal 
crosstalk. In the initial years, the availability of only a limited set of well characterized 
transcription factors and inducible systems, relatively simple network and circuits were 
explored. For the construction of more complex circuits typically consisting of sequential 
layered regulation, significant efforts have been undertaken to alleviate this major 
bottleneck. Voigt and colleagues identified a panel of TetR homologs and characterized 
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their respective promoters, that showed minimal cross-reactivity 22. The activity of each of 
the repressor was quantified as a Boolean NOT gate, i.e the addition/expression of the 
repressor (input) results in the inhibition of transcription from the engineered promoter 
(output). By identifying a set of mutually orthogonal repressors and their respective 
promoters in E. coli, the authors also demonstrated how such NOT gates can be stitched 
together to genetically encode for larger Boolean functions 22. Such hierarchical assembly 
of complex circuits from simple gates has been one of the hallmarks of synthetic circuit 
design. It is important to note that in large circuits, each repressor-promoter pair required 
precise tuning of their expression to obtain the required response. This is typically achieved 
with the use of mutant promoters (based on host RNAP) as well as translational control 
elements (mutant RBSs).  Beyond mining naturally occurring transcription factors, rational 
design of DNA binding proteins has proven to be an effective strategy for the de-novo 
construction of transcription factors. Zinc finger proteins and TALEs served as ideal 
modular programmable protein motifs, whereby simply changing the amino acid sequence, 
these proteins could be targeted to bind any DNA sequence of choice41. These engineered 
DNA binding proteins can act as either as repressors, or as activators by fusing modular 
regulatory domains 41.  
In eukaryotes, along with the naturally occurring transcription factors, modular 
DNA binding domains have been extensively used for the construction of synthetic 
transcription factors and their corresponding promoters 42. Unlike prokaryotes, the design 
of synthetic promoters in eukaryotes follows a more universal architecture where the DNA 
binding sites is followed by a minimal promoter. The latter acts an efficient initiation signal 
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for the RNA polymerase II (Pol II) and the DNA binding sites act as landing pads for the 
artificial transcription factors 42. The artificial transcription factors are typically composed 
of a DNA binding protein fused to modular activation domains. Such a formal architecture 
for the construction of artificial transcription factors and their respective promoters has 
enabled the bottom-up construction of large complex genetic circuits 42.  
More recently, with the discovery of CRISPR, a class of DNA binding proteins 
with a novel regulatory modality were engineered 43. The nuclease ‘dead’ version of the 
Cas9 (dCas9) was shown to bind to DNA sequence determined by the specificity of small 
guide RNAs (gRNAs) 43. By simply designing gRNAs to target specific regions of a 
promoter, it was shown dCas9 can efficiently repress transcription from the promoter, a 
phenomenon commonly termed as CRISPR interference (CRISPRi) 43. Apart from 
repression, these proteins can also be coupled with modular activation domains such as 
omega factors (prokaryotes), VP64 or p65 (eukaryotes), to act as transcription activators 
44, 45. Since the specificity of dCas9 based transcription factors can be programmed based 
on predictable Watson-Crick base pairing rules, it has enabled the construction of layered 
logic gates, where a panel of promoters were designed with minimal regulatory cross-talk 
by simply changing the guide RNA sequence 27. In addition, the ability of dCas9 based 
transcription factors to alter transcriptional activity of endogenous genes in both 
prokaryotes and eukaryotes has provided a powerful tool in the creation of transient 
phenotypes with the use of multiple gRNAs generated as outputs of control systems 44, 46.  
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Predictability in transcriptionally regulated gene circuits 
One of the principal goals of genetic circuit design is to predict the behavior of a 
designed gene circuit under diverse conditions and in different host chassis. Ideally, the 
behavior of a given synthetic circuit can be fully derived by modeling the interactions of 
the various circuit components.  Specifically in the case transcription control systems, the 
use of orthogonal transcription regulators has greatly improved in the predictability of 
dynamics of a gene circuit. However, since all synthetic gene circuits utilize host resources 
for its execution such as RNAPs and ribosomes for the transcription and translation 
respectively, the performance of any circuit is inherently intertwined with the host 
regulatory processes 36. It has been shown that even slight changes in growth conditions 
such as media composition, temperature or differences in the host genetic context (strains) 
can affect circuit performance 36, 47, 48. Even in a well characterized host such as E. coli, the 
dynamics of gene expression can be highly variable due to slightly different strain 
backgrounds. Specifically, in the case of transcriptionally regulated circuits, the dynamic 
behavior of a designed promoter regulated by specific transcription factor can be mapped 
to what is described as a response function 36. The response function provides describes 
the activity of the promoter (in terms of a reporter gene) in the presence of varying amounts 
of transcriptional regulator. Thus, the overall transcription response of the circuit behavior 
can be described as a summation of all the response functions of promoters: regulator pair. 
While such a simplified abstraction has been useful in predicting circuit dynamics, there 
are still significant challenges that lay ahead. To improve predictability and consistency in 
the characterization of gene circuits, a number of strategies have been adopted. First, it was 
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proposed that the performance of each genetic part was determined relative to a constitutive 
expression control, and the activity of each element was expressed as relative expression 
units. Such a strategy was shown to mitigate any global perturbations 49. This was shown 
to greatly improve the accuracy of genetic parts even when they were characterized under 
diverse conditions. Such a framework was adopted by Voigt and colleagues in the 
construction of an automated framework for the design and characterization of an arbitrary 
Boolean functions assembled from characterized promoter gates 22, 25.  In addition, it was 
observed that the compositional context of any genetic element that can arise while 
assembling of parts into a plasmid backbone or in the genome can lead to undesired 
interactions and affect circuit performance 36, 50. Such effects can be minimized by 
implementing modular cloning strategies to minimize composition context of the 
assembled genetic circuits, and incorporating insulator sequences such as ribozyme 
processing elements, strong sequence diverse terminators. An elegant demonstration of 
these strategies was shown by Voigt and colleagues in creating an automated framework 
for the design of arbitrary Boolean gates based on characterized response functions of 
transcription regulator: promoter pairs25. Overall, the authors demonstrated the 
construction a total of 60 Boolean circuits in E.coli circuits (consisting upto 10 regulators 
and 55 genetic parts), and out of which 45 performed optimally where the output can be 
accurately predicted by simply summing up the response functions of each promoter gate 
25. More recently, the authors have successfully implemented a similar framework for the 
design and construction of Boolean gates consisting upto 11 different regulators in 
Saccharomyces cerevisiae 30. Furthermore, they have extended the quantitative model in 
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predicting the dynamic behavior of these circuits over days 30. However, most of the 
strategies described have been effective in predicting the performance of the circuits in 
only a few organisms (both prokaryotes and eukaryotes), often model organisms. 
Currently, when such circuits are ported across diverse hosts, it is often to design new 
control elements, necessary to characterize all circuit in the new host background before a 
successful prediction can be made. This has posed major limitations for the robust 
portability of designed synthetic circuit across different host chasses.  
ORTHOGONAL TRANSCRIPTIONAL CONTROL AND REGULATION 
As stated previously, the predictability of gene circuits and specifically that of 
control systems, relies on the orthogonal behavior of the circuit components. In the case of 
transcriptionally regulated circuits, given that the transcription factors and their respective 
promoters interface primarily with the host RNAP, it can often result in unpredictable 
interactions that can greatly limit the performance of the circuit when ported across 
species36, 51.  This often results in circuit failure when the circuits are transferred across 
different species. Thus, to ensure robust portability, there is a need for characterization of 
genetic parts that operate orthogonally to the host RNAP itself. In prokaryotes, this is 
typically achieved with the use of single subunit phage RNA polymerases, most commonly 
T7 RNA polymerase (T7 RNAP). Owing to highly robust and orthogonal activity towards 
it small 17bp promoter, the use of T7 RNAP has typically been used in the over-expression 
of target genes 52. By decoupling host transcriptional regulation of the target genes, in 
theory, arbitrary levels of expression can be achieved simply controlling the levels of T7 
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RNAP across diverse species 53, 54. However, due to its expression mediated toxicity, 
precise control over the expression of T7 RNAP is required for the construction of more 
complex control systems. Typically, this has been achieved with the use stringent inducible 
systems in addition to translational control elements to limit the levels of T7 RNAP55 56. 
Such a strategy has been shown to limit the expression of T7 RNAP to subtoxic levels, and 
has been shown to be effective in establishing orthogonal control of metabolic pathways 
56. Apart from the high expression capacity of T7 RNAP based systems, decades of 
biochemical and mechanistic understanding of the enzyme has enabled its engineering 
paving the way for a variety of novel applications 57-60. Notably, a panel of six highly 
orthogonal T7 RNAP variants and promoter pairs were engineered using directed evolution 
were engineered multiplexed control of gene expression 61, 62. A fragmented design of T7 
RNAP was also published and shown to be an effective resource allocator 63. More 
recently, split versions of T7 RNAP have also used for the study protein: protein 
interactions in a manner similar to yeast two hybrid system 64.  Beyond the engineering of 
T7 RNAP, new modalities of control over the expression of the target gene(s) can be 
introduced, by engineering existing transcriptional repressors to repress the T7 RNAP 
promoter, thus establishing an orthogonal sub-system of a transcriptional regulatory system 
operating independently within a host. Such frameworks powered by T7 RNAP as the 
transcriptional engine will therefore mitigate the crosstalk between the synthetic circuit 
components and the host RNAP, thereby robustness of synthetic circuits.  
However, since in most cases, the expression of T7 RNAP itself is placed under 
host transcriptional regulation, it has limited the predictability and portability of such 
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systems across diverse prokaryotes. To this end, Salis and colleagues proposed a novel 
autoregulatory module, where the expression (positive feedback) and subsequent 
regulation (negative feedback via TetR) of T7 RNAP is placed under its own control, 
thereby insulating it against any host RNAP dependent regulation 65. Furthermore, the 
authors showed that by simply adjusting the strength of the feedback loops, different 
steady-state levels of T7 RNAP can be achieved, thus modulating the ‘orthogonal 
transcriptional capacity’ of such a system 65. Moving forward, these so called T7 RNAP 
homeostasis circuits provide an attractive platform for the bottom-up construction of truly 
orthogonal transcriptional control systems in prokaryotes. Furthermore, the expression of 
any target gene(s) under the control of T7 RNAP can be predictably modulated with the 
use of mutant promoters. Owing to these orthogonal interactions, such transcriptional 
regulation can be effectively ported across diverse species without any loss in 
predictability.  However, in eukaryotic hosts, while T7 RNAP has been shown to be 
functional, the lack of post-transcriptional processing of the generated transcripts leads to 
poor translation of these mRNAs 66. This lack of translation of T7 RNAP derived 
transcripts has limited the use of T7 RNAP as a transcriptional engine.  
However, unlike in prokaryotes, the design of synthetic promoters in eukaryotic 
utilizes a common architecture, where a strong transcriptional initiation region is cloned 
downstream of DNA binding operator sequences 42. The latter act as landing pads, and can 
be readily programmed to be orthogonal to the host chassis 42. This minimizes any 
unwanted cross-talk with endogenous regulatory elements and ensures the insulation of the 
synthetic promoters.  Owing to availability of universal modular activation and repressor 
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domains, artificial transcription factors can be designed to possess predictable modes of 
regulation. Remarkably, it has been shown that activation domains such as domains (VP64, 
p65, Rta) when used in tandem, possess strong activation across diverse eukaryotes67. 
Thus, by combining such ‘universal’ activation domains, with DNA binding proteins to 
generate artificial transcription factors (ATFs) that can operate across diverse eukaryotes. 
These ATFs can be designed to be orthogonal to the host regulatory by selecting the 
operator sequences to be divergent from the host genome and in parallel the corresponding 
synthetic promoters can be designed such that each promoter is regulated by an orthogonal 
artificial transcription factor. Naturally occurring DNA binding proteins sourced from 
prokaryotes such as LacI and TetRs have been previously shown to be orthogonal to the 
host 6, 68. More recently, various protein templates have been utilized for the de-novo 
construction of transcription factor with user defined operator sequences. These include 
zinc finger proteins, TALEs and CRISPR associated proteins (dCas9)42, 69, 70. The latter 
provides an attractive platform, where a single artificial transcription factor can be utilized 
precisely regulate multiple promoters simultaneously by simply controlling the expression  
of specific gRNAs 67, 70. In this case, the synthetic promoters controlled by dCas9 based 
transcription factors where the promoters are designed to contain orthogonal gRNA 
binding sites 71. 
  In particular, the ability to regulate the activity of these transcription factors (and 
thereby the activity of promoters) via the expression of gRNAs has also enabled the use of 
T7 RNAP to express the specific gRNAs to regulate the activity dCas9 based transcription 
factors 72. Taken together, with the programmability and near universal activity of both T7 
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RNAP and dCas9 based transcription factors, a hybrid orthogonal transcriptional control 
system operating independent of the host transcriptional regulation in both prokaryotes and 






















Chapter 2: In vitro transcription networks based on hairpin promoter 
switches 
 
In this chapter, I begin by characterizing an in vitro transcription network, powered by T7 
RNAP, where the regulation of each promoter is programmed by the predictable strand 
exchange logic governed by simple Watson-Crick base pairing.  
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 In vitro transcription networks are analogs of naturally occurring gene regulatory 
networks that consist of synthetic DNA templates that are cross-regulated by their own 
transcripts.  This ability to design and execute in vitro transcription networks has allowed 
bottom-up construction of complex network topologies with predictable dynamic behavior.  Here 
we describe the simplified design of an in vitro transcription network based on single-stranded 
synthetic DNA hairpin switches that function similar to molecular beacons, via toehold mediated 
strand displacement.  Systematic construction of increasingly larger circuits was achieved by 
programming interactions between multiple switches through rational sequence design, and the 
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dynamic behavior of networks was accurately predicted using a simple mathematical model.  
Ultimately, we engineered a cascade of switches that acted as a Boolean complete NAND gate 
capable of sensing both DNA and RNA inputs. The tools and framework that have been 
developed makes the execution of in vitro transcription circuits much simpler, which will enable 
them to more readily serve as testbeds for nucleic acid computations both in vitro and in vivo. 
INTRODUCTION 
The field of synthetic biology aims to develop principles for biological circuit design, in 
part through the use of interchangeable parts to optimize transcription and translation of target 
genes or pathways 36, 73.  This has often been achieved by using inducible transcription factors 
along with promoter engineering 25, and has led to the construction of increasingly complex 
information processing circuits in vivo:  bi-stable switches 16, oscillators 17, 19, 74, pattern 
generators 21, logic gates 25, 75, 76 and analog circuits 77, 78.  Circuits have proven useful both in 
cells, and in acellular reaction networks 79, 80. However, the lack of predictability of the 
performance of parts, and their potential toxicities can lead to failures in circuit performance 36, 
50, 81.  
In parallel, the emergent field of DNA computing has led to the de novo construction of 
a variety of molecular machines and logic circuits 82-87 that rely primarily on simple and 
predictable Watson-Crick base-pairing rules.  In particular, these purely nucleic acid based 
systems often use toehold-mediated strand displacement to implement programmable chemical 
reaction networks capable of performing complex information processing 82, 87-90.  Such networks 
can be coupled with purified enzymes to catalyze the dynamic production and degradation of 
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nucleic acid signals, and hybrid nucleic acid:enzyme computing systems have been used to 
construct systems that mimic naturally occurring gene regulatory networks such as bi-stable 
switches 91-93, oscillators 94, 95, molecular clocks 96, and circuits capable of homeostasis 97.  
In vitro transcription has proven to be  an especially convenient platform for the 
construction of circuits and networks 91, 92, 95-98.  In this framework, the transcription of synthetic 
DNA templates is regulated by transcribed RNA signals 91, 95.  Because of the predictability of 
base-pairing and the stability of nucleic acid secondary structures, performance can be modeled 
99, 100 and finely tuned over orders of magnitude 88, 90, 101.  Transcription networks therefore 
provide a direct link between modular parts and the ability to compute 91, 95, 102.  
Unfortunately, the modular parts in this framework are predominantly multi-stranded 
complexes, and this poses a challenge in scaling such systems, especially since each gate must 
be constructed and purified separately, a feat which stands little chance of being conveniently 
adapted to cellular regulation 87. To address this, we have greatly simplified the design of in vitro 
transcription switches by constructing and characterizing a set of synthetic hemi-duplex hairpin 
transcription switches 102.  Each switch is typically ‘ON’ in its ground state, producing transcript, 
but can be inactivated by RNA-binding in a fashion similar to a molecular beacon.  Because of 
the simplicity of design, we were able to readily construct numerous derivatives, including 
stacked switches and gate structures, and to readout performance by following the production of 
a fluorescing RNA, malachite green aptamer.  As reaction parameters for the basic switches were 
obtained, the performance of ganged switches and circuits proved to be highly predictable. 
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RESULTS 
Design of hairpin promoter switches: 
In order to simplify the design and ultimately the construction of nucleic acid switches 
for computation, we have developed single-stranded hairpin structures that can be transcribed by 
T7 RNA polymerase and whose activity can be modulated in a molecular beacon-like way 
(Figure 2.1). These hairpin promoter switches consist of three major domains: a double-stranded 
(ds) T7 RNAP promoter, a regulatory domain encoded in the 18 nt loop of the hairpin, and a 
mostly single-stranded (ss) template strand encoding the output of the switch. The modularity of 
the domains allows us to readily program interactions between different switches based solely 
on simple Watson-Crick base pairing.  
The molecular-beacon like change in state programs the switch. In the ON state, the 
switch has a fully double-stranded T7 RNAP promoter, which in the presence of the polymerase 
leads to efficient expression of the downstream output RNA signal. The loop of the hairpin serves 
as a ‘toehold’, a single-stranded DNA domain that a complementary oligonucleotide can bind to 
and in turn open up the hairpin, much like a molecular beacon.  This disrupts the T7 RNAP 
promoter, making it partially single-stranded, and puts the switch in the OFF state.  
Performance and modeling of hairpin promoter switches: 
In order to gauge the utility of our design, we analyzed the kinetics of transcription from 
the ON state of a hairpin promoter switch (H1_tr). The hairpin switch was designed using the 
18nt loop sequence and T7 promoter sequence (23nt) that were originally proposed that 
described the theoretical utility of hairpin switch structures for molecular computation.  
Transcription was monitored by expressing an aptamer (rMG) against the chromophore 
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malachite green (MG).  When MG is bound to the aptamer it ‘lights up’ and becomes highly 
fluorescent, thus allowing real time quantitation of transcriptional activity 96, 103.  These 
substrates allowed us for the first time to quantify in real-time the kinetics of RNA transcription 
from a hemi-duplex template.  
The combination of H1_tr and T7 RNAP led to sustained expression of rMG without any 
observable background or leaky expression (Fig 2.1). Increasing the concentration of H1_tr for 
a fixed amount of T7 RNAP (~200nM) led to higher expression of rMG and eventually saturated. 
The kinetics of the circuit nicely mimic Michaelis-Menten kinetics, in which after substrate 
saturation of the enzyme there is no further increase in product formation.  
We therefore constructed a simple mathematical model to describe the behavior of the in vitro 
hairpin transcription switches using a system of ODEs describing the T7 RNAP-mediated 
transcription and toehold-mediated strand displacement by specific RNA signals. Relative 
transcription rates were governed by available T7 RNAP, which in turn was governed by the 
Michaelis-Menten constants of the substrates (Km and kcat, Fig 2.2). The respective Michaelis-
Menten constants were determined using non-linear regression in MATLAB (using the in-built 
nlinfit routine) from the curve between different initial rates and varying substrate concentrations 
(Fig 2.3). Since the promoter and initiation region for T7 RNAP are the same for all the switches 
we eventually assume that the Michaelis-Menten constants are same for all hairpin switches.  
Moving forward, we chose a non-saturating amount of H1_tr (200nM) for additional 
studies to ensure that we obtained consistent levels of rMG production even after the addition of 
more substrate for T7 RNAP (more hairpin switches, as described below). As a measure of circuit 
performance, we looked at the normalized inhibition of rMG production; the amount of transcript 
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expressed from H1_tr for a particular circuit after 3 hours of transcription relative to the amount 
of rMG expressed from H1_tr without any regulation (Fig 2.3). 
Regulation of hairpin promoter switches: 
Regulation of H1_tr can be mediated by binding of a single-stranded oligonucleotide to 
the loop of H1_tr, leading to disruption of the hairpin and of the ON state. Because of the modular 
design of the switches, the inhibitor strand can in turn be expressed from another switch (H2_tr) 
forming a two-node repressor network (NOT gate, Fig 2.3). Specifically, in this two-node 
repressor network the output RNA signal of H2_tr encodes for the complementary strand for the 
loop of H1_tr and is also partially complementary to the T7 RNAP promoter (Fig 2.3). Analysis 
of the respective secondary structures of both the hairpin switches using the NUPACK suite of 
algorithms showed no potential interactions between the switches at 37°C.  
The addition of H2_tr, even at sub-stoichiometric amounts relative to H1_tr, leads to repression 
of rMG production (Fig 2C). When stoichiometric amounts of H2_tr (200nM) were added 
relative to H1_tr, around 90% repression of rMG expression was obtained after 3 hours of 
transcription. In contrast a switch expressing a non-specific RNA signal (H2_Scr) at the same 
concentration did not inhibit transcription from H1_tr (Fig 2.3).  
Toehold-mediated strand displacement can be modeled as a bimolecular reaction in 
which toehold binding is the rate-limiting step and the overall rate constant is governed primarily 
by association with the toehold sequence. The rate constants for toehold-mediated strand 
displacement were estimated from one of the repression curves for H1_tr (200nM) + H2_tr 
(100nM) (Fig 2.3). Since the rate of toehold-mediated strand displacement depends on the length 
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and sequence of the toehold, we again assumed that this rate was the same for all the switches 
(which have the same length and similar GC content). 
Further, utilizing the modular architecture of these switches we constructed the same 
two-node repressor network by swapping the loop and output domains of the switches 
(H2_tr_MG and H1_H2_tr) (Fig 2.4). All loop domains of the switches were designed to contain 
similar GC content, to keep the rates of strand displacement uniform for all the switches. The 
transcription was assayed using the same rMG reporter, and we see that we are able to obtain 
similar repression curve (Fig 2.4). 
We also observed some ‘leaky’ expression of rMG that increased linearly with time, with 
a rate independent of H2_tr concentration (Fig 2.3, 2.4). This was not surprising, as leaky 
expression has been a constant problem in nucleic acid circuitry that affects performance. For 
example, in the case of an optimized, non-enzymatic ‘see-saw’ OR gate operated at 30°C, the 
amount of leak reaction observed was 20% after 15 hours 84.  
In our case, we speculate this leaky expression probably arises due to unstable transient 
interactions between the partially single-stranded T7 RNAP promoter domains of two switches 
that are otherwise in the OFF configuration. A model of the leak as a bimolecular reaction 
estimated that background transcription should be around 9% of the ON signal after 3 hours, in 
agreement with what was previously reported for the inhibition of the same hairpin switch 
expressing a different transcript (8.5% in 2 hours) 102. The modeled leak was taken into account 
in extracting parameters describing the dynamics of this circuit (Fig 2.3, 2.2). 
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Buffering of inputs for hairpin promoter switches: 
The ability to bind and inhibit regulatory sequences is a key function in many genetic 
circuits. Competitive binding between regulatory sequences, their targets, and an antisense ‘sink’ 
has been utilized in DNA strand displacement-based systems to mitigate leaky expression where 
the sink consumes some portion of the regulatory sequence 83, 84, 91, 95. For in vitro transcription 
switches it was shown that competitive binding can be used to create ultrasensitive responsivity. 
Such sinks are essential for constructing circuits with complex dynamical behaviors 91, 95. 
We therefore developed a circuit in which repression of a signal was governed in part by co-
expression of an anti-sense to rInh1. In such a circuit, rInh has two targets for binding: H1_tr 
(inhibition) and rInh1_anti (Fig 2.5). The amount of rInh_anti acts as a competitor and increases 
the concentration of RNA that needs to be present or expressed to inhibit the target switch 
(H1_tr). To integrate rInh_anti into the transcription circuit, we developed an additional hairpin 
switch structure (H2_tr_anti) that would produce this antisense RNA. To avoid interaction 
between the single strand regions of switch H1_tr and switch H2_tr_anti (which of necessity 
must share complementary sequences) we made H2_tr_anti a completely double-stranded 
template. When rMG production dynamics were examined for this circuit as a function of 
increasing amounts of anti-sense switch (H2_tr_anti) added, the amount of repression of rMG 
production monotonically decreased, as expected (Fig 2.5).  
Construction of larger circuit cascades, a double inverter:  
As is the case with other nucleic acid circuitry, the simplicity and specificity of Watson-
Crick base-pairing enables the facile construction of larger transcriptional circuits by 
programming specific interactions between different switches. Previously, we saw that the two-
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node repressor network (described above) acts as a NOT gate, thus we hypothesized that a simple 
cascade in which two such NOT gates were connected would act as a double inverter circuit, 
leading to activation rather than repression of signal production. 
We designed a three-node, double inverter circuit consisting of three serially connected 
hairpin promoter switches: H1_tr, H2_tr, and H3_tr (Fig 2.6). Again, all loop domains of the 
switches were designed to contain similar GC content. In this cascade the transcription repression 
of the H1_tr by H2_tr should be limited because of simultaneous inhibition of H2_tr by H3_tr, 
and we indeed see that with the addition of stoichiometric amount of H3_tr (compared to H1_tr) 
a decrease in rMG production of only 24% was observed compared to about 85% without the 
addition of H3_tr (Fig 2.6). Some repression is still observed because of initial transcription from 
H2_tr, which leads to essentially irreversible repression of transcription from H1_tr. 
By using the rate constants estimated from the two-node repressor network, the dynamics 
of rMG production could be simulated. The predicted relative repression in rMG production was 
22% in good agreement with our experimental observation of 24% (Fig 2.6).  
Construction of NAND gates: 
While complex analog circuits such as bi-stable switches and oscillators have been built 
solely using NOT gates, the construction of more logically complex circuitry required a switch 
that could process multiple inputs. To this end, we attempted to create a Boolean complete 
NAND gate. We hypothesized that the single inhibitor strand could be split into two separate 
inputs, each of which would target half of the toehold and part of the T7 RNAP promoter. 
Cooperative binding of both inhibitor strands should lead to disruption of the hairpin similar to 
 27 
the NOT gate described above (Fig 2.7). For each input (inhibitor) strand the length of the 
toehold was fixed (9nt) and the length of the regions targeting the T7 promoter region (11nt) 
were chosen such that the OFF state should be thermodynamically favorable in the presence of 
the input / inhibitor (as determined by NUPACK). 
To assay repression efficiency, increasing amounts of inputs (I1 and I2) were added to 
the hairpin switch H1_tr (50nM) and the relative rMG expression was determined. Surprisingly, 
even in the presence of excess inputs strands (200nM) only 59% repression was observed (Fig 
2.7). Pre-annealing with I1 and I2 prior to initiating transcription did not greatly improve 
performance (65% repression).  
Although these results highlight the difficulty in using thermodynamic considerations for 
the design of transcriptional switches, since the role of the polymerase itself in mediating 
promoter formation cannot be readily included, we nonetheless attempted to see to what extent 
a simple model that incorporated the leak reaction could capture the degree of repression 
efficiency (Fig 2.8). For the model, we assume that at any time T, the amount of rMG produced 
is proportional to a combination of transcription rates for the ON state and the background 
observed for the OFF state (Fig 2.8). The transcriptional rate for the OFF state alone was 
calculated by measuring rMG expression following annealing of the NAND gate with excess 
inputs. Furthermore, since repression efficiency did not improve even with prior annealing of the 
inputs with the gate, we assume that the kinetics of binding and conformational transitions are 
relatively fast and that the system reaches equilibrium quickly. Thus the relative levels of ON 
and OFF states at any time t can be estimated using thermodynamic modeling via NUPACK. 
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The modeled relative rMG levels obtained for the NAND gate for varying amounts of inputs 
added proved to be within 2% of what was observed experimentally (Fig 2.7).  
We hypothesized that at least a portion of the leak from the OFF state might be due to 
interactions between the two OFF states that led to the formation of an active promoter (Fig 2.9).  
The two input strands targeted complementary domains of the T7 RNAP promoter region (11nt).  
Upon binding, this would have revealed a significant region (12nt) of the promoter and its 
complement as single strands, thus potentially allowing interactions between two OFF states to 
form an active promoter (Fig 2.7, 2.9).  To mitigate this potential interaction we designed a new 
input 1 strand (I1.N) that targeted a different region of the T7 RNAP promoter compared to I1 
(Fig 2.10).  The length of the promoter targeted by I1.N was 16nt, and included the 12nt that was 
previously hypothesized to participate in non-specific interactions in the OFF state (Fig 2.10).  
The length of the new input 1 (I1.N) was again chosen such that the OFF state should be 
thermodynamically stable in the presence of both input strands (I1.N and I2).  We also included 
a spacer sequence of 6nt that separated the toehold and the promoter region targeted by I1.N, 
further increasing the stability of hybridization and thus of the OFF state (Fig 2.10).  This design 
should limit non-specific activation due to fraying, and was similar to so-called remote toehold 
designs for nucleic acid circuits in which toehold and branch migration domains are separated 
by a spacer sequence 104.  However, the presence of the spacer was been shown to slow the strand 
exchange reaction 104, which could also prove problematic for the execution of our transcription 
gates.   
We first analyzed the performance of the system using DNA inputs.  The transcription 
gate (50nM) was pre-annealed with different concentrations of inputs and rMG expression was 
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assayed. In the presence of excess (200nM and 400nM) of both input strands efficient repression 
(97%) was observed, while no repression was observed with a single input alone (Fig 2.10).  
More significantly, there was a 10-fold reduction in leak compared to the previous design (~3% 
compared to 35% observed for the previous design, Fig 2.10), thus validating our initial 
hypothesis that the leak was indeed due to interactions between the OFF states via partially 
single-stranded regions of the T7 RNAP promoter.  To determine if the new remote toehold 
design executed more slowly, we carried out the same assay without any prior annealing of the 
inputs.  The repression efficiency was again high (80% and 90% respectively for 200nM and 
400nM inputs), albeit lower than when pre-annealing was carried out (Fig 2.10).  Thus, we see 
that the performance of the NAND gate with the new design was significantly better than 
previously, either when both inputs were pre-annealed (97% compared to 65%) or simply added 
to the reaction (80% compared to 59%). 
Finally, we assayed rMG repression after the addition of the hairpin templates (H2_rI1.N 
and H2_rI2) that express RNA versions of the input strands (rI1.N and rI2) (Fig 2.11).  The 
inhibition assay was done at two different NAND gate (H1_tr) concentrations (50nM and 
100nM), and each input template (H2_rI1.N and H2_rI2) was added in a stoichiometric amount 
relative to the H1_tr gate (50nM and 100nM of both inputs) (Fig 2.11).  Specific repression of 
around 80% was observed, with no gradual leak even for extended periods of time (8hrs) (Fig 
2.11), consistent with our observations for the DNA inputs.  
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DISCUSSION 
Nucleic acid effectors can be readily programmed to assist with circuit execution in 
cellular systems.  For example, toehold riboregulators 38, 39, 105  and guide RNAs for ribonuclear 
proteins – dCas9 43, 46 have been used to program complex cellular behaviors.  However, the 
operation of synthetic circuits in cells can conflict with physiological demands for growth, which 
in turn can lead to lack of predictability and failures in circuit performance 36, 81.  Acellular 
systems provide an attractive alternative for implementing synthetic circuits, especially given 
the increasing sophistication and utility of cell-free transcription and translation systems 79, 80, 
106.  As examples, cell-free systems have been developed as diagnostics 38, 107, for the on demand 
synthesis of biomolecules 108-112, and for the industrial scale production of therapeutic proteins.  
As was the case with cellular systems, nucleic acid effectors have been shown to participate in 
toehold-mediated strand displacement reactions, coupling to downstream translation and 
yielding a circuit that senses particular nucleic acid sequences and returns fluorescence 38, 39, 105.  
However, these systems so far do not couple via transcription, only translation.  
The ability to carry out molecular computations that directly impact transcription greatly 
enhances the programmability of cell-free circuits, and potentially enables a new suite of 
diagnostic tools and logical control elements for gene expression.  In this regard, the hairpin 
switches that we have developed are amongst the simplest possible ‘logical primitives’ that could 
be used for such circuitry, especially since they do not require the formation of hemiduplexes 
from multiple strands, as has been the case for many other in vitro nucleic acid computations.  
The base set of computations demonstrated herein (NOT and NAND gates) and the fact that 
circuit performance can be readily modeled provides a basis for further coupling to cell-free gene 
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regulation. Most importantly, though, the simplicity of construction provides a means of quickly 
creating much larger and more complex networks of transcriptional circuits than has so far been 
possible by relying solely on translation.  
MATERIALS AND METHODS 
Oligonucleotides: For the hairpin templates, the respective oligonucleotides were ordered as 
PAGE purified Ultramers from IDT (listed in Table 2.1). Oligonucleotides were resuspended at 
100 µM concentration in deionized water and stored at −20°C. The concentrations of the DNA 
were measured by ultraviolet spectrophotometry using the NanoDrop 1000 spectrophotometer 
(Thermo Scientific, Wilmington, DE, USA). All transcription templates were built using DNA 
oligonucleotides obtained from IDT. For making the transcription templates the respective 
oligonucleotides (25uM) mixed in TAE/Mg .The oligonucleotides further underwent 
denaturation for 5 min at 95°C before being annealed via slow cooling (0.1°C/s) to 25°C. 
Annealed oligonucleotides were used directly for in vitro transcription reactions and excess was 
stored at −20°C. 
Purification of WT T7 RNAP: WT T7 RNAP were purified by standard Ni-NTA 6×His (N-
terminal) methods. The plasmid pQE-WT T7 (containing an IPTG inducible T7 RNAP gene) 
was transformed in BL21-gold (Agilent). Cells were grown in 2×YT media at 37 °C until 
reaching OD600 ∼ 0.7–0.8, at which point 1 mM IPTG was added. Cells were grown 4 h at 37 
°C. Following induction, cells were harvested by centrifugation and resuspended in binding 
buffer (50 mM Tris-HCl, pH 8.0, 0.5 M NaCl, 5 mM imidazole). Resuspended cells were lysed 
via sonication on ice using 40% probe amplitude for 2 min (1s ON, 1s OFF). Cell debris was 
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pelleted by centrifugation (30 min:20,000g). His-tagged T7 RNAP was purified by immobilized 
metal affinity chromatography (IMAC). The lysate was run over 1 ml (bead volume) Ni-NTA 
gravity column pre-equilibrated with binding buffer. The column was washed with 10× column 
volumes of wash buffer (50 mM Tris-HCl, pH 8.0, 0.5 M NaCl, 20 mM imidazole). T7 RNAP 
was eluted off the column by the addition of 4× column volumes of elution buffer (50 mM Tris-
HCl, pH 8.0, 0.5 M NaCl, 250 mM imidazole). Dialysis was performed in final storage buffer 
(50 mM Tris-HCl, pH 8.0, 100 mM NaCl, 1 mM DDT, 1 mM EDTA). Dialates were adjusted to 
1 mg/ml and added to an equal volume of glycerol (final concentration 0.5 mg/ml). 
In vitro transcription assays: Transcription reactions contained 40 mM Tris-HCl pH 7.0, 30 
mM MgCl2, 6 mM spermadine, 6 mM each NTP, 10 mM DTT, 0.2 μM T7 RNAP, with the 
templates added accordingly and 25uM malachite green solution.  For assay 25uL reaction was 
added to a 384 well plate (NUNC, Thermo) and malachite green fluorescence 
(excitation/emission 630/655nm) reading was taken every minute in a Safire monochromator 
(Tecan). 
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Figure 2.1: In vitro transcription from hairpin templates.  
A) Design of the hemi-duplex hairpin transcription template consisting of a 18nt loop, 
double stranded T7 RNAP promoter and a single stranded template for malachite green 














Figure 2.2: Modeling the in vitro transcription network:  
Transcription from hairpin templates was modeled using simple Michaelis-Menten 
kinetics, while the binding of the inhibitor strand leading to toehold mediated strand 





Figure 2.3: Regulation of transcription.  
A) Nodal representation of the NOT gate where the transcription from H1_tr is inhibited 
by the output of H2_tr (rInh). B) NOT gate as implemented in the hairpin switch 
framework. C) Assay to measure the production of rMG in the presence of different 
amounts of H2_tr (inhibitor template). D) Simulation dynamics of the modeled reactions 











Figure 2.4: Modularity of hairpin promoter switch  
 
A) Nodal representation of the two node repressor network with loops of the hairpin 
promoter switch swapped. B) The new two-node network implemented in the hairpin 
promoter switch framework. C) rMG expression from H2_tr_MG in the presence of the 













Figure 2.5: Buffering of inputs for hairpin promoter switch.  
A) Nodal representation of the buffering network, where the H2_tr_anti expresses the 
rInh_anti which after binding to rInh renders it inactive. B) The buffering circuit 
implemented in the hairpin promoter switch framework. C) rMG expression assay from 






Figure 2.6: Construction and analysis of the double inverter circuit.  
 
A) Nodal representation of the double inverter circuit where the output of H3_tr inhibits 
the H2_tr which in turn inhibits transcription from H1_tr. B) Schematic demonstrating 
the double inverter circuit as implemented in the hairpin promoter switch framework. C) 
Assay to measure the production of rMG in the presence of both H2_tr and H3_tr. D) 











Figure 2.7: Design of NAND gate  
 
A) Schematic showing the simple split inhibitor design where each input has a toehold 
length of 9nt – L1.1 and L1.2, and a portion of the T7 RNAP promoter (P1 and P2). 
Cooperative binding of the both inputs leads to the formation of OFFH1.  B) Assay of 
rMG expression after the addition of varying amounts of inputs compared to the annealed 
OFFH1. C) Comparison of rMG expression from the empirical model developed taking 
into account the thermodynamic stability of the OFFH1 in the presence of the varying 








Figure 2.8:  Empirical model to determine the repression efficiency of NAND gate in the 






















Figure 2.9: Leaky expression of rMG from OFF NAND switch.  
Two OFF switches can form an active promoter leading to leaky rMG expression 






Figure 2.10: Design of the NAND gate with remote toehold design.  
 
a) Remote toehold design for NAND gates. Input I1.N has a remote toehold L1.1* and 
targets a different region of the T7 RNAP promoter P1.N than in the previous case (P1). 
b) Assay of rMG expression from annealed OFFH1 in the presence of varying amounts of 
inputs I1 and I2. c) Assay of rMG expression from annealed OFFH1 after the addition of 











Figure 2.11: Performance of the NAND gate with RNA inputs.  
 
A) Schematic showing the NAND gate design in the presence of RNA inputs (rI1 and 
rI2) expressed from other hairpin switches. The RNA inputs have the same remote 
toehold design as for the DNA inputs (Fig 5). b) Performance of 50nM NAND gate in the 
presence of equivalent amounts of input templates. c) Performance of 100nM NAND 























































Chapter 3: Construction of synthetic T7 RNA polymerase expression 
systems 
 
This chapter is reproduced (with minor modifications) from its initial publication:  
 
Kar, Shaunak and Ellington AD (2018) Construction of synthetic T7 RNA polymerase 
expression systems Methods.  
 
Author contributions: 
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analyzed the results with input from A.D.E. Both authors wrote the manuscript. 
 
ABSTRACT 
T7 RNA polymerase (T7 RNAP) is one of the preferred workhorses for 
recombinant gene expression, owing in part to its high transcriptional activity and the fact 
that it has a small (17 base-pair), easily manipulated promoter.  Furthermore, the fact that 
T7 RNAP is largely orthogonal to most hosts enables its use in a wide variety of contexts.  
However, the high activity of the enzyme also often leads to an increased fitness burden on 
the host, limiting the predictability of its interactions with and impact on physiology, and 
potentially leading to mutations to constructs.  Here we use a synthetic biology approach 
to design and characterize a panel of T7 RNAP expression circuits with different modes of 
regulation that enable the reliable expression of downstream targets under a variety of 
conditions.  First, we describe the construction of a minimal T7 RNAP expression system 
 46 
that is inducible by a small molecule anhydrotetracycline (aTc), and then characterize a 
self-limiting T7 RNAP expression circuit that provides better control over the amount of 
T7 RNAP produced upon induction.  Finally, we characterize a so-called T7 RNAP 
homeostasis circuit that leads to constitutive, continuous, and sub-toxic levels of T7 RNAP.  
Coupled with previously characterized mutant T7 RNAP promoters in vitro, this modular 
framework can be used to achieve precise and predictable levels of output (sfGFP) in vivo.  
This new framework should now allow modeling and construction of T7 RNAP expression 
constructs that expand the utility of this enzyme for driving a variety of synthetic circuits 
and constructs.  
INTRODUCTION 
Synthetic biology is an engineering discipline in which the modular parts, 
circuits, and systems can be used to generate devices that have predictable behaviors 
36, 113. Engineered synthetic circuits in prokaryotes often focus on gene regulation 
through well-characterized inducible transcription factors and computationally 
designed ribosome binding sites (RBSs) 25, 36, 113. More recently, there has also been a 
renaissance in the design and construction of RNA-based tools such as riboswitches 
and ribonucleoprotein particles such as CRISPR elements to control gene expression 
38, 39, 43, 46. 
However, while in theory these various parts are modular and orthogonal, in 
practice introducing synthetic circuits into cells leads to the sharing of essential 
resources like RNA polymerases (RNAPs) and ribosomes, which can in turn lead to 
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unpredictable and undesirable outcomes 36, 50.  While translational decoupling of the 
circuit from the host has proven difficult, transcriptional interference can be avoided 
by simply utilizing a completely orthogonal ‘engine’ for transcription than the 
endogenous RNA polymerase; this also opens the possibility of creating multiple, 
different orthogonal circuits in parallel using RNA polymerases with different 
promoter variants 61, 63, 114. When combined with RNA-based tools that could 
themselves be produced orthogonally, this engine could be built into a platform for 
gene expression and regulation that would be both complex and largely outside of the 
cell’s own operating system, potentially exhibiting minimal cross-talk.   
Owing to its robust and highly specific activity towards its own promoter, T7 
RNA polymerase (T7 RNAP) has been the workhorse for recombinant protein 
expression for decades 52, 115, 116. The polymerase is a single subunit and thus can be 
produced from a single gene. The activity of the polymerase does not rely on any host 
dependent cofactors, and enables the production of RNA in abundance upon the 
recognition of its short, 17 base pair (bp) promoter, which is largely orthogonal to E. 
coli and other host RNAPs 52, 115, 116. This decoupling of transcription from host RNAPs 
has allowed its use across a wide variety of species 53, 54, 65, 117. The utility of T7 RNAP 
as an orthogonal transcription engine also lies in the fact that it is extremely active with 
rates of transcription 8-fold higher than the E. coli RNAP 118, 119. Moreover, decades of 
biochemical studies have provided us with a detailed mechanistic understanding of T7 
RNAP transcription, including the energetics and kinetics of promoter binding, 
initiation, elongation, and termination 58, 59, 120, 121. This has proved to be crucial to the 
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engineering of novel T7 RNAP variants that recognize orthogonal promoters, split 
versions of the polymerase that allow construction of resource allocator modules, and 
mutant T7 RNAP promoters and novel terminators that can tune T7 RNAP associated 
gene expression 56, 61, 63, 114. Overall, the use of T7 RNAP for the expression of synthetic 
circuits is merely a starting place for a broad and expanding toolkit of modular parts 
that enable precise and multiplex control of gene regulation. As examples, T7 RNAP-
mediated expression has found use for expressing circuit components, metabolic 
pathways, and more recently toehold-based riboregulators 39, 56, 62, 65. In each instance 
it has been shown that the decoupling of transcription from the host RNAP led to 
improved part performance and higher metabolic yields 39, 56, 65. 
Unfortunately, due to associated toxic effects possibly due to its increased rate 
of transcription, the expression of T7 RNAP needs to be finely tuned 56, 63, 65. Here we 
describe the construction and analysis of synthetic circuits built from modular parts to 
control and tune the expression of T7 RNAP, which can then be used as an engine to 
achieve reliable and predictable expression of downstream genes, pathways, and 
circuits. The strength of T7 RNAP-mediated expression was compared to known 
constitutive E. coli promoters in order to benchmark the utility of the constructs. 
RESULTS  
Construction of an aTc-inducible T7 RNAP expression system: 
First we designed and built an anhydrotetracycline (aTc)-inducible T7 RNAP 
expression system, which exhibited no observable leak and allowed for strong/over-
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expression of target genes upon the addition of the inducer. TetR was chosen to control 
the induction as it has proven to be one of the most tightly controlled regulatory, and 
has been shown to function across species 9, 65. The T7 RNAP gene was cloned on a 
medium-low copy number plasmid - p15A/AmpR (10-15 copies/cell) under the control 
of the PLTetO-1 promoter, which is tightly repressed by TetR, which was in turn 
constitutively expressed from the Pbla promoter 9 (Fig 3.1).  To assay the function of T7 
RNAP, a fluorescent reporter (sfGFP; Table 3.1) was placed under the control of the 
wild-type T7 promoter (Table 3.1) in a second medium copy number plasmid 
(pBR322/KanR). 
Traditionally, in order to ensure the efficient translation of recombinant 
mRNAs a strong ribosome binding site (RBS) – AGGAG is used 52. However 
expression of T7 RNAP at higher levels contributes to leaky expression even in the 
absence of induction 52, 115. In order to mitigate this, weaker ribosomal binding sites 
(RBSs) were employed to limit the translation of T7 RNAP, an approach that has 
previously been shown to be effective in cloning and expressing otherwise toxic genes 
122. We chose three RBSs from a set that was previously created by the Anderson lab 
and deposited in the registry of standard biological parts 49, 123, 124. The translation 
strengths of the weaker RBSs were determined relative to that of a strong RBS 
(AGGAG) whose expression efficiency had been examined previously 16, 17.  The 
strengths of the weaker RBSs were then further validated in our circuit by measuring 
the expression of sfGFP after the induction of T7 RNAP with aTc. (Fig 1b).  Read-
through expression of genes that would have disrupted circuit function was minimized 
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via the introduction of two bacterial terminators (rrnD T1and rnpB T1) with known 
termination efficiency (>98%, 125), upstream of the PLTetO-1 and the other downstream 
of the T7 RNAP gene. The use of two unique terminators mitigates the chances of 
recombination-mediated deletion that otherwise might lead to loss of circuit 
functionality 126. 
For each construct, sfGFP expression was analyzed as a function of the aTc 
concentration as described in Methods.  From the aTc dose-response curves it can be 
seen that the sfGFP signal saturates even at sub-saturating aTc concentration 
(10ng/mL), which is expected given the strong activity of even weakly expressed T7 
RNAP (Fig 3.1). At aTc concentrations around 10ng/mL we begin to observe not only 
strong expression of sfGFP but also growth defects (Fig 3.1), which again is consonant 
with the expression of highly active phage polymerases 56, 63, 65.  For all the assays, the 
negative control was a circuit expressing an inactive version of the T7 RNAP that 
included two premature stop codons, as described in 61.  Overall, this system exhibited 
no observable leak in the absence of any inducer (at least 100-fold that less than 
maximum signal observed), but the saturation of sfGFP expression even at low 
induction concentrations provided only limited control over gene expression.  
Construction of an inducible and self-limiting T7 RNAP expression system: 
With the simple aTc inducible T7 RNAP expression system described in 
Methods, we were able to obtain strong expression of sfGFP with even small amounts 
of inducer.  While such strong expression is well-suited for producing large amounts 
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of recombinant proteins 52, it is undesirable for consistent and/or regulated production 
of circuitry. Thus, we designed and constructed a self-limiting T7 RNAP expression 
system where TetR expression was placed under the control of the T7 promoter (as 
opposed to being constitutively expressed, Fig 3.2). In this system PLtetO-1 drives the 
expression of the T7 RNAP gene, which in turn then expresses its own repressor – TetR 
is involved in a negative feedback loop (Fig 3.2). In order to examine the impact of 
translation on this auto-regulated circuit, T7 RNAP expression was modulated via three 
different RBSs as before. When the aTc dose-response curve for the circuit was 
examined, a linear increase in sfGFP expression was observed with increasing inducer 
concentration up to 50ng/mL, instead of a saturating signal (Fig 3.2). This auto-
regulated or self-limiting system should allow for much broader control over the 
amount of T7 RNAP produced, thus mitigating the burden on the cell’s resources 
relative to the simple inducible circuit (Fig 3.2). 
Construction of a T7 RNAP homeostasis circuit: 
Finally, we designed a system in which the steady state expression of T7 RNAP 
was largely independent of any host RNAP input.  In this system, T7 RNAP not only 
expresses its own repressor (negative feedback loop) but also controls its own 
production via its own promoter (a so-called autogene 65, 127 or positive feedback loop, 
Fig 3.3).  Coupling the negative feedback loop (via TetR) with the positive feedback 
loop (via the autogene) should lead to the constant and self-regulated production of T7 
RNAP, which can then in turn be used to consistently express the downstream targets.  
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In previous work 65, the strengths of these feedback loops were tuned by varying T7 
RNAP and TetR expression via computationally designed RBS sequences with 
different relative strengths. Here we have extended the system by balancing the relative 
strengths of the feedback loops using the previously mentioned weak RBSs to express 
sub-toxic levels of T7 RNA polymerase, and along with a series of mutant T7 RNA 
promoters yielded a variety of predictable and reliable steady state expression levels of 
an output gene (sfGFP). (Fig 3.3). The decoupling of the production of T7 RNAP from 
its host should enable the use of this system across species in a way that is more 
extensible than attempting to control translation, where the idiosyncracies of RBS 
strengths are often not known. 
As before, we attempted to place T7 RNAP expression under the control of 
three weak RBS sequences. However, we were unable to clone this system using the 
strongest RBS amongst the three - RBS3 suggesting that the strength of positive 
feedback (autogene) led to toxic levels of T7 RNAP produced. The production of 
sfGFP expression was analyzed as described in Section 2.4 for the other circuit variants 
(RBS1 and RBS2) where the amount of sfGFP expressed reflected the relative amount 
of T7 RNAP expressed from the homeostasis circuit (RBS2 > RBS1).  The value of 
sfGFP/OD600 was reasonably constant, suggesting that the production of sfGFP (and 
by inference, the polymerase) is at steady-state (Fig 3.3). It is important to note that 
steady state GFP expression was determined after approximately 10 generations as 
described in Methods, reflecting the relative stability of these constructs without any 
significant growth defects (Fig 3.3). 
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The level of expression with the homeostasis circuit was compared to that 
obtained with known E. coli constitutive promoters, a strong constitutive promoter 
(J23100) and a weaker constitutive promoter (J23105), both from the Biobricks 
collection 49, 123. The signal from one of the T7 RNAP homeostasis circuit variants 
(RBS2) is about 40% that of J23100 and 200% that of the J23105, indicating that this 
configuration is capable of driving consistent gene expression at host-relevant levels. 
Next we show that using the homeostasis circuit we can tune target gene (sfGFP) 
expression further by introducing mutant T7 RNAP promoters that have previously 
characterized strengths in vitro 57. Three different promoters were picked, with 
strengths relative to wild-type of 0.53, 0.21 and 0.09 (Table 3.1, 57).  After performing 
the assay as described in Methods we indeed see that the performance of these 
promoters is similar to their relative activities observed in vitro (Fig 3.3).  These results 
suggest that the homeostasis circuit as a whole can be fit to a quantitative model to 
predict the steady state level of target expression. The ability to quickly parameterize 
the system with relatively few parts changes is a hallmark of a well-designed synthetic 
biology construct. 
Finally, given the orthogonal behavior of selected T7 RNAP variants 56, 61, 63, 114 
we speculated that it should be possible to swap these variants for the wild-type enzyme 
and promoter while maintaining circuit performance.  As a simple proof-of-principle 
we built and characterized a homeostasis circuit (RBS1) containing one of the 
orthogonal T7 RNAPs – CGG-R12-KIRV (hereby termed Ortho T7 RNAP) and its 
corresponding promoter 61, 63, 114.  Steady state analysis shows a predictable 
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fluorescence output that corresponds to the reported activity of this T7 RNAP variant 
(determined to be around 0.6-0.7 of the WT T7 RNAP) (Fig 3.4).  This not only shows 
that T7 RNAP-based circuitry can be made explicitly modular, but also validates that 
our modeling with this circuitry is highly predictive. 
Modeling the dynamics of the T7 RNAP expression circuit: 
The dynamics of the T7 RNAP-based expression systems can be captured with 
a simple ODE-based model that includes the transcription and translation of three 
components:  T7 RNAP, TetR and sfGFP (Fig 3.5) 65.  The dynamics of T7 RNAP 
mediated transcription was modeled as a three-step process - binding of T7 RNAP to 
its promoter, initiation and elongation to express a mature transcript. (Fig 3.5) where 
the respective parameters were determined using literature values (Table 3.2). The 
negative feedback mediated by TetR was modeled via binding of the TetR to its 
operator as described in 16, 17, 65.  The translation strengths of the strong RBS had been 
calculated before 16, 17 while that of the mutant RBSs were estimated as relative to that 
of the strong RBS depending on the sfGFP expressed from the simple inducible 
systems. The half-lives of all 3 mRNAs were assumed to be 2.5 minutes, which is the 
half-life of the majority of mRNAs in E. coli during balanced growth 65, 128.  Similarly, 
the rate of protein degradation (kdil), was assumed to be due to dilution resulting from 
cell growth 129, 130, since the proteins did not include any special degradation sites or 
tags.  Growth rates for each construct were calculated from the measured OD600 as 
described in Section 2.4 and were used as a surrogate measure for dilution.  The steady-
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state values for sfGFP expression expressed as number of molecules per cell were 
modeled using a numerical simulation based on the ode45 routine in MATLAB. The 
steady state analysis from this model predicted the number of sfGFP molecules per cell 
to be around ~105, a value observed previously for similar expression systems 65.  To 
further validate the model the steady state levels of sfGFP were predicted for previously 
characterized mutant T7 RNAP promoters that had strengths relative to the wild-type 
promoter of 0.53, 0.21, and 0.09 57. Observed relative levels of sfGFP (fluorescence) 
were 0.55, 0.17, and 0.07, which were in excellent accord with the prediction (Fig 3.5).  
Moreover, these results demonstrate that promoter strength characterizations 
performed in vitro can be used for accurate modeling in vivo, further extending the 
possibilities of our promoter-tuned system relative to RBS-tuned systems.  
DISCUSSION 
We show the construction and analysis of a variety of T7 RNAP expression 
circuits using standardized parts.  Overall, these circuits allow induction of T7 RNAP-
mediated expression, as well as constant and homeostatic control of expression.  Target 
expression can be predictably tuned using only well-characterized mutant T7 RNAP 
promoters.  The modular construction of this circuit should allow for the rational 
introduction of other parts, such as different repressors or protein degradation tags, and 
the adherence to a quantitative model should allow the performance of these parts to 
be predicted in advance.  Overall, the orthogonality and broad host range of both T7 
RNAP and TetR should promote even broader and more consistent performance across 
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multiple hosts, as previously observed for other homeostasis circuitry 65.  Since 
promoters are more orthogonal to cellular operating systems than translational 
initiation signals, this promoter-tuned homeostasis circuit should prove especially 
useful in new bacterial species where promoters and RBS have not yet been fully 
characterized. 
MATERIALS AND METHODS 
 
Plasmids and strains:   
p15A and AmpR ; Copy number 10-15 copies/cell 
 pBR322 (ori- pMB1 and KanR ; Copy number 40-50 copies/cell 
 E.coli strain – DH10B  
 Common protocols: 
Materials: 
o LB broth (Fisher, Cat# BP-9723) 
o Agar (Fisher, Cat# BP-1423) 
o Antibiotics: Ampicillin (Sigma Cat#A0166), Kanamycin (Sigma 
Cat#K1377) 
o Glycerol (Fisher, Cat# BP-229) 




o New Brunswick Innova 44R shaker (Eppendorf, Cat# M1282-0000) 
o Allegra X-30-R benchtop centrifuge (Beckman, Cat#B06320) 
 
 Media preparation: Bacterial strains were propagated in LB (Fisher) which was 
prepared by dissolving 25g of LB powder into 1L Millipore water. The media was 
sterilized by autoclaving for 20 mins. For LB-Agar plates, 13g LB and 9g Agar was 
added to 600mL water and autoclaved. Appropriate antibiotics (100ug/mL ampicillin, 
50ug/mL kanamycin) whenever necessary were added after the mixture cooled downed 
to less than 55°C. Approximately 25mL of LB-Agar was poured into each culture plate 
which was subsequently stored at 4°C for a maximum of one month. 
 
 Preparation of chemical competent cells: Competent stocks of E. coli strains were 
prepared by inoculating 10mL of LB medium with a small portion of cells scraped from 
the surface of a frozen glycerol stock not previously exposed to CaCl2 (no antibiotics, 
use sterile technique). Following incubation overnight at 37°C with agitation, cultures 
were diluted in 500 ml LB medium and further incubated until reaching an OD600 
between 0.4 and 0.6. Aliquots of approximately 35 ml were centrifuged at 3400 g for 
10 minutes at room temperature (Allegra X-22 Centrifuge, Beckman Coulter) and the 
combined pellets resuspended in 150ml of ice-cold 100 mM CaCl2/10% glycerol 
solution. Cells were centrifuged again at 3400 g for 10 minutes at room temperature 
(Allegra X-30 Centrifuge, Beckman Coulter) in aliquots of approximately 30 ml and 
the combined pellets were resuspended in 20mL ice-cold 100 mM CaCl2/10% glycerol 
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solution. Following incubation on ice for 25 minutes 200 µl aliquots of the cells were 
snap frozen in liquid nitrogen and stored at -80 °C. For each individual transformation 
50uL aliquot was used.  
  
Preparation of electrocompetent cells:  Electrocompetent cells were prepared by 
inoculating 5mL of LB media with cells scraped from the surface of a frozen E.coli 
DH10B glycerol stock (no antibiotics, use sterile technique). Cultures were grown 
overnight at 37°C in a shaking incubator (250 rpm). The next day, cultures were diluted 
1:50 in 25ml and grown until reaching an OD600 of ~ 0.8.The entire culture was 
centrifuged at 3200 g for 10 minutes at 4°C, the supernatant was subsequently removed 
and the remaining cells were resuspended in 25mL ice cold 10% glycerol. This process 
was repeated two more times after resuspending in 12.5mL and 6mL 10% ice-cold 
glycerol respectively. After the final wash, the remaining cells were resuspended in 
200uL of 10% ice-cold glycerol and aliquots of 50uL were made. Aliquots were stored 
at -80°C for further use. 




o Phusion DNA polymerase (NEB, Cat# M0530S) 
o Zymoclean Gel DNA recovery kit (Zymo Research, Cat# D4002) 
o Gibson Mix (as described in 131) 
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o QIAprep Spin Miniprep Kit (Qiagen, Cat#27106) 




o Thermocycler  
o Heratherm Oven (Thermo Fisher, Cat# 51028112) 
o New Brunswick Innova 44R shaker (Eppendorf, Cat# M1282-0000) 




1. The T7 RNAP gene was obtained from constructs in the lab (Table 1, 61). This 
gene was cloned downstream of PLTetO-1 with RBSs 1 -3 (Table 1) where the RBS 
sequences were encoded within the primers itself.  
 
2. The sfGFP was cloned into the pBR322 backbone replacing the T5-lac promoter 
114 with the T7 RNAP promoter, the consensus of what are termed as class III 
promoters (57, Table 1), The same was done for the constitutive promoters 
(obtained from biobricks) – J23100 and J23105 thus keeping the 5’ UTR region 
of the mRNA the same. 
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3. All PCRs were performed using Phusion polymerase (NEB) according to the 
manufacturer’s protocol (25 cycles) where the respective primer annealing 
temperature was calculated using the online IDT OligoAnalyzer tool.  
 
4. The PCR products were analyzed on a 1% agarose gel, and correct size bands 
were extracted and purified using the Zymoclean Gel DNA recovery kit.  
 
5. The purified products were assembled using isothermal Gibson assembly with a 
homology region of 25 nucleotides as described in 131 . The concentration of the 
template was 50ng and the other products were used in equimolar ratio. For 
fragments sizes < 1 kb, 5-fold excess product was used in the reaction. The 
Gibson reaction (20uL) was performed at 50°C for 1 hour and the product was 
stored -20°C. 
 
6. The Gibson reaction product (1uL) were directly transformed into chemical 
competent DH10B E.coli cells using standard heat shock method, and plated on 
LB Agar plates with the appropriate antibiotic and incubated overnight at 37°C. 
 
7. Single colonies were picked and grown overnight in 3mL of LB medium with the 
appropriate antibiotics. The following day the cultures were centrifuged at 3200g 










o SOC (New England Biolabs, Cat# B9020S) 
o Breatheasy membrane (Sigma, Cat#Z380059) 
o 96 well microplates (Corning, Cat#07-200-565) 
o Anhydrotetracycline (aTc) (Sigma, Cat# A1200000) 
 
 Instruments: 
o E.coli pulser (Biorad, Cat# 165-2101) 
o M200 plate reader (Tecan) 
o Allegra X-30-R benchtop centrifuge (Beckman, Cat#B06320) 
 
          Protocol: 
 
1. For all assays, the two plasmids were cotransformed into electrocompetent E.coli 
DH10B cells. Double transformation was done using 0.5uL of each plasmid 
(~50ng) into 50uL cells using a 1.8kV electroporation protocol on an E.coli 
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pulser. The transformation was recovered in 500uL SOC and outgrown for 1 hour 
at 37°C. 
 
2. Only 5uL of the outgrowth were plated on LB Agar plates with appropriate 
antibiotics and incubated overnight. 
 
3. The next day three colonies were picked (biological replicates) and grown in 2mL 
of LB with appropriate antibiotics overnight for 18 hours. Cultures were diluted 
next day 1:100 and grown until they reached early log phase (~ 3 hours, OD ~0.3-
0.4). 
 
4. For homeostasis circuits, the cultures were further diluted another 1:200 and 
100uL sample was added in each well of the 96 well plate. Plates were covered in 
Breatheasy membrane to allow for aerobic growth and to prevent evaporation. 
Growth of the samples was maintained at 37°C and orbital shaking at 244.5 rpm 
using an amplitude setting of 2.5mm (Tecan M200). The plate was assayed every 
10 minutes for both sfGFP fluorescence (excitation 485nm and emission 525nm) 
and OD600 (absorbance at 600nm). Background fluorescence was subtracted from 
the observed reading (determined by the negative control), and the media specific 
absorbance was determined using a media only control. 
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5. The steady state value was calculated during the log phase of cells growth (where 
the effective dilution of all the proteins occurs). 
 
6. For induction based assays, working concentrations – 1ng/mL, 2ng/mL, 5ng/mL, 
10ng/mL, 20ng/mL, 50ng/mL and 100ng/mL were made from aTc stock solution 
(2ug/uL) in 100% ethanol. For each induction condition, 100uL early log phase 
cultures were added to 2mL LB with antibiotics and aTc, from which 100uL of 
sample was assayed. 
  
7. Fluorescence measurements and OD600 absorbance was done the exact same as 
stated in step 4. For end point measurements, the measured values after 4 hours of 
assay were used 
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Figure 3.1.  An anhydrotetracycline inducible T7 RNAP expression system.  
 (a)  Logic of the circuit where the expression of T7 RNAP is under the control of PLteto-1 
promoter where the TetR is constitutively expressed under the Pbla promoter (b) Genetic 
diagram of the construct implemented as two plasmid system. (c) sfGFP production as a 
function of aTc concentration for T7 RNAP expression under the control of RBS1. (d) 









Figure 3.2.  Design and characterization of a self-limiting T7 RNAP expression system.  
 
 (a) Logic of the circuit where the expression of T7 RNAP is under the control of PLteto-1 
promoter and RBSs (1-3) where the TetR expression is under the control of T7 RNAP 
itself. (b) Genetic diagram of the two plasmid system encoding the self-limiting circuit. (c) 
sfGFP production from the circuit as a function of aTc concentration with several different 
RBS strengths. Overall the response is more graded compared to the simple inducible 
system, in part due to reducing impact of  induction on cell growth. (d) Growth curves of 







Figure 3.3.  Homeostatic control over T7 RNAP production.   
 
(a) Logic of the circuit showing the positive feedback (T7 RNAP autogene) and the coupled 
negative feedback mediated by the TetR.  (b) Genetic diagram of the homeostasis circuit 
implemented as a two plasmid system.  (c) Steady sfGFP production for two homeostasis 
circuit variants (RBS1 and RBS2). (d) Impact on growth for cells containing functional 








Figure 3.4.  Homeostasis circuit utilizing a T7 RNAP variant – CGG-R12-KIRV that 
recognizes a different T7 RNAP promoter. 
 
(a) Genetic diagram of the homeostasis circuit containing the T7 RNAP variant – CGG-
R12-KIRV and the corresponding changes in the promoter sequence. (b) Steady sfGFP 
production obtained from homeostasis circuit variant utilizing CGG-R12-KIRV under the 





















Figure 3.5 Modeling of the homeostasis circuit variant 
a) Reactions involved in T7 RNAP mediated transcription, translation of three components
and regulation of T7 RNAP expression. b) Corresponding differential equations describing
the dynamics of the reactions. c) Genetic diagram of the homeostasis circuit implemented
as a two plasmid system d) Comparison of the steady state level sfGFP expression obtained
from one homeostasis circuit (RBS2) where the sfGFP expression under the control of
mutant T7 RNAP promoters (P-WT, P-0.53, P-0.21, P-0.09) as predicted by the model to
that obtained from the respective constructs.
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Chapter 4: Design and construction of a modular framework for 
orthogonal and predictable gene expression in prokaryotes 
ABSTRACT 
Establishing orthogonal transcriptional control over synthetic genetic circuitry is 
critical in providing robustness, predictability and portability of engineered biological 
systems. In prokaryotes, this has been achieved with the use of phage orthogonal RNA 
polymerases (RNAPs) mostly notably T7 RNAP. While T7 RNAP based expression of 
transgenes has been demonstrated to operate under a wide variety of host contexts, due to 
the severe toxicity associated with T7 RNAP expression, precise control over T7 RNAP 
expression is critical in achieving feasible genetic constructs. Here, we first designed and 
built a universal plasmid architecture composed of modular units for the facile construction 
of genetic circuitry. Specifically, we utilize this framework to characterize T7 RNAP auto-
regulatory systems namely homeostasis circuits. By encoding these T7 RNAP systems in 
a single broad host range plasmid, we demonstrate how such circuits can be utilized as 
orthogonal expression systems to achieve robust and predictable gene expression across 
multiple hosts. We show that this network topology can be exploited for the systematic 
transfer of transcriptional capacity via the homeostasis circuits across multiple species. As 
examples, we show this circuit encoded in a single broad host range plasmid can be ported 
across a number of species – Pseudomonas putida, Salmonella typhimurium, and Serratia 
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marcescens, and achieves predictable gene expression based solely on mutant T7 RNAP 
promoters. 
INTRODUCTION 
The ability to predictably control and alter cellular phenotypes using engineered 
gene circuits is a long-standing goal of synthetic biology 10, 12, 13, 36, 132. Over the last two 
decades, gene circuits have been designed to perform complex computations such as 
Boolean logic, analog functions, genetic counters and clocks, memory elements and 
classifiers 16, 17, 20, 25, 26, 35, 75, 77, 78, 123, 133. In prokaryotes, such computation is typically 
encoded as synthetic transcriptional regulatory networks composed of engineered 
promoters, whose activity can be specifically modulated by transcription factors 22, 24-26. 
While such a framework of genetic circuit design has been successful for executing 
complex functions, the dynamics of circuit behavior are intrinsically coupled to the 
interactions between the host RNA polymerase (RNAP), engineered promoters and 
transcription factors36. This often results in unwanted interactions with the host regulatory 
elements and has been a primary source of circuit failure 36, 51. Such variations in expression 
become more pronounced when these circuits are transferred across diverse host chassis, 
has thus limited the characterization of gene circuits predominantly in model organisms 36,
51. Thus, the transfer of genetic circuits to non-model organisms requires the prior design
and construction of a suite of genetic parts and circuit elements which can be a tedious and 
laborious process 55, 134.  
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To improve the predictability and portability of gene circuits, orthogonal control of 
transcription of the circuit elements has been proposed 135, 136. In prokaryotes, this is 
achieved by placing the target gene(s) under the control of single subunit phage RNAP 
which act orthogonally to the host RNAP, most commonly T7 RNAP 56, 114.  By decoupling 
the transcription of target genes from that of the host RNAP, it effectively insulates their 
expression against any host RNAP associated regulation thus improving the predictability 
56, 61-63, 65. Owing to its robust activity, T7 RNAP based expression systems have been 
routinely used for the overexpression of recombinant proteins 52-54. However due to its 
expression associated toxicity, precise control over the expression of T7 RNAP is required 
and has often been established with the use tightly regulated host specific transcription 
systems 56, 115. Such stringent dependency on host regulation has limited the broader use of 
T7 RNAP based systems beyond simple over-expression of recombinant genes. To 
mitigate this dependency, Salis and colleagues demonstrated that an autoregulated T7 
RNAP expression circuit, where both the production of T7 RNAP and regulation was 
placed under T7 RNAP control can be used to express sub-toxic levels of T7 RNAP in 
different prokaryotes 65. This pool of T7 RNAP can then be directed to express reporter 
gene(s)/ pathways in a host independent manner 65. More recently, we have extended this 
framework to demonstrate that precise levels of target gene expression can be achieved in 
E.coli with the use of mutant T7 RNAP promoters (Chapter 3) 137. While these studies
demonstrated the feasibility of using T7 RNAP homeostasis circuits as an independent 
gene expression platform, the rapid design and construction of more T7 RNAP driven 
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circuits across diverse hosts requires a highly programmable architecture for the rapid 
assembly of any designed genetic programs.  
To this end, we have developed a highly modular and generalizable framework for 
the design and construction of synthetic gene circuits in prokaryotes termed as Universal 
Plasmid System (UPS).  Using UPS, we have formalized the construction of T7 RNAP 
homeostasis circuits where all the requisite circuit components are encoded as modular 
transcription units and can be rapidly assembled into any plasmid backbone of choice. Such 
parallelized construction greatly accelerates the design-build-test cycle for the prototyping 
of any synthetic gene circuit across diverse host chassis. As a particular example, we show 
that T7 RNAP homeostasis circuits composed of three transcriptional units, encoded in a 
single broad host range vector can be successfully utilized as a highly orthogonal 
expression platform in prokaryotic species – Escherichia coli, Pseudomonas putida, 
Salmonella typhimurium and Serratia marcescens. Furthermore, using the highly modular 
nature of the UPS framework we demonstrate how mutant T7 RNAP promoters can 
assembled to generate circuit variants to precisely and predictably modulate the levels 
output expression across these diverse host chassis.  
RESULTS 
Design of Universal Plasmid System (UPS) Architecture 
As a starting point, we aimed to standardize the construction of synthetic gene 
circuits. Episomal plasmids encoding gene circuits have a common architecture and are 
typically comprised of three major sections – origin(s) of replication which is required for 
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the propagation in the host species, selectable resistance marker(s) and the synthetic genetic 
circuit components (Fig 4.1). Broadly, the origin of replication and selectable marker 
determine the plasmid backbone while the recombinant genes/circuit components are 
cloned into suitable locations into the plasmid backbone. While a wide number of plasmid 
backbones have been characterized in E.coli, the engineering of non-model hosts relies on 
specific backbones/shuttle vectors. Apart from the plasmid backbone, the gene circuit can 
also be encoded as modular transcriptional units (TUs) which are further composed of 
fundamental genetic elements namely promotes, ribosome binding sites (RBS), genes and 
terminators 25. To accelerate the design-build-test cycle for the construction and 
prototyping of genetic circuits, a programmable architecture is required where both 
plasmid backbones and genetic circuits can be combinatorially assembled from simple 
modular parts. To this end, we have adapted the highly modular cloning framework based 
on Type IIS restriction enzymes 28, 138, 139 (Fig 4.1). The unique property of these enzymes 
to generate programmable sticky ends allows the sequential assembly of multiple parts in 
a single reaction 28, 138, 139. While a number of strategies have been previously reported, we 
chose to adapt the optimized version originally developed by Dueber and colleagues for 
the construction of yeast expression vectors instantiated as the yeast toolkit (YTK) 28. More 
recently, the highly generalizable YTK architecture was adapted for the construction of 
mammalian expression vectors termed as MTK 138. Thus, a similar framework for the 
construction of prokaryotic gene circuits will broadly standardize the construction of 
plasmids across both eukaryotes and prokaryotes.  
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Briefly, in the UPS framework, each component of the plasmid is encoded as modular units 
/parts flanked by AarI/BsaI restriction sites followed by unique ligation sites (Fig 4.1). 
First, a plasmid backbone comprising of an origin of replication and selectable marker of 
choice is assembled along with specific landing pads for the insertion of defined 
transcriptional units 28 (Fig 4.1, Table 4.1). In parallel, gene circuits composed of modular 
elements such as promoters, ribosomal binding sites, coding sequences and terminators are 
assembled to form transcriptional units (TUs). Each TU is flanked by appropriate 
‘connector’ sequences that dictate the order of their assembly into the plasmid backbone28 
(Fig 4.1, Table 4.2). In its current instantiation, the UPS framework enables the parallel 
assembly of upto eight transcription units, similar to what was previously described 138. 
First, we built well characterized E.coli origins along with commonly used 
selectable markers – KanR, AmpR and CamR as separate parts (Table 4.1). All origins 
were combinatorially assembled with each resistance cassette and successfully transformed 
in E.coli. Next, to determine the variation in gene expression that can result from the change 
in copy number primarily determined by the specific origin of replication, we cloned a 
constitutive fluorescent reporter cassette (mScarlet-I) with all the plasmid origins along 
with two different selectable markers – KanR and CamR (Fig 4.2), The relative expression 
from each origin was consistent with previous studies, and the choice of resistance marker 
did not affect the expression 140. (Fig 4.2).  
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Characterization of transcriptional and translational elements in UPS 
Now, that we demonstrated the assembly of any plasmid backbone of choice, next 
we sought to incorporate simple transcriptional (constitutive promoters) and translational 
control elements (RBSs) and characterize their activities within the UPS framework. 
Moving forward, we chose the broad host origin (RSF1010) and selectable marker (KanR) 
as our plasmid backbone for the construction and characterization of all genetic elements 
and circuits 141. For transcriptional control, we chose a panel of previously characterized 
E.coli constitutive promoters (SK187-198) that were shown to provide a broad range of 
expression 49. Using the UPS framework, these promoters were first cloned and maintained 
as separate parts. To characterize the expression from these promoters, each element along 
with a strong translation signal driving a reporter gene (sfGFP) followed by an efficient 
terminator signal and assembled into the broad host plasmid backbone (Fig 4.3, Table 4.2).  
The plasmids were then transformed into E.coli DH10B and assayed for reporter 
expression. Overall, the panel of promoters modulated the expression of sfGFP two orders 
of magnitude (Fig 4.3). Next, we designed a panel of seven RBS sequences to modulate 
the expression of levels of sfGFP over 3 orders of magnitude (Fig 4.3). Each synthetic RBS 
was assembled with a strong constitutive promoter J23102 driving the expression sfGFP 
(Fig 4.3). Both the rank order of the RBSs as well as their relative strengths was consistent 
with the predicted values (Fig 4.3). Overall, this demonstrates that the UPS framework can 
be used to incorporate simple genetic elements to modulate levels of target gene expression 
both on the levels of transcription and translation. 
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Design and characterization of UPS encoded T7 RNAP homeostasis circuits 
Next, we used the UPS framework for the construction of orthogonal transcriptional 
control systems specifically T7 RNAP homeostasis circuits. As originally described by 
Salis and colleagues, T7 RNAP homeostasis circuit is an autoregulatory network where 
both the production and regulation of T7 RNAP expression is placed under the control of 
T7 RNAP itself 65. By modulating the strengths of the feedback loops, the authors showed 
that varying levels of T7 RNAP can be achieved 65. However, such control was achieved 
with the use of host specific translational signals thereby limiting their predictability when 
transferred across species. More recently, we showed that mutant T7 RNAP promoters can 
be used to precisely control the expression of the output which can be accurately predicted 
by a quantitative model in E.coli 137. In both cases the portability of such systems required 
reengineering of the backbone prior to the transfer in other species. Thus, we sought to 
simplify the design and construction of these circuits under the UPS framework for 
improved predictability and portability across diverse host chassis.  
First, we formalized the design of T7 RNAP homeostasis circuit, where all circuit 
components were encoded as three separate transcriptional units composed of modular 
genetic elements (Fig 4.4A). The first and the second TU encodes the expression of T7 
RNAP which is designed as a positive feedback loop, and the negative feedback via the 
expression of TetR placed under T7 RNAP control respectively (Fig 4.4A). Finally, the 
output (sfGFP) also placed under the control of T7 RNAP control is encoded as the third 
transcriptional unit (Fig 4.4A). By encoding the entire circuit as modular transcriptional 
units, it is possible to systematically combine the genetic elements of each transcriptional 
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unit to achieve defined levels of output. Furthermore, we show how all the transcriptional 
units can be seamlessly combined in a single broad host range plasmid, thus greatly 
improving its portability across diverse host chassis. 
Each element of the circuit was designed and cloned as separate parts Fig 4.4A). 
Specifically, to minimize read-through transcription, each T7 RNAP promoter was placed 
downstream of efficient termination signals. Also, sequence divergent termination signals 
were used to avoid homology-based recombination that can lead to circuit failure. To 
enable robust expression of circuit components in each TU, we used RBS sequences that 
have broad activity across diverse species. Specifically, for the expression of T7 RNAP we 
chose strong translation signals that contain conserved sequence motifs to achieve high 
levels of output expression (Fig 4.4A, Table 4.2). For the expression of the output, we used 
the RBS (SK136) that showed the highest level of sfGFP expression (Fig 4.3). Overall, we 
designed three versions of the circuit differing only in the RBS controlling T7 RNAP 
expression (SK249, 250 and 252) and assembled in a single broad host range vector 
(RSF1010-KanR). All T7 RNAP homeostasis circuits were successfully transformed in 
E.coli DH10B cells and assayed for reporter expression. All circuit variants demonstrated 
high levels of output expression (200-300 fold) while the leaky expression from the circuits 
in the absence of T7 RNAP was negligible (Fig 4.4B). It is important to note that the output 
levels from T7 RNAP homeostasis circuit were similar to those obtained from strong 
constitutive promoters previously described in (Fig 4.3).  
As previously described the dynamics of this T7 RNAP homeostasis circuit can be 
modeled using a simple ODE based model describing the expression of T7 RNAP, TetR 
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and sfGFP 137 (Fig 4.5). As suggested by the model, the levels of the output expression 
levels can be precisely controlled and predicted using the mutant T7 RNAP promoters. We 
chose a set of six mutant promoters predicted to modulate the output levels over 20-fold. 
The specific mutations for each promoter variant were cloned as modular parts and 
combined with the previously transcription units (using SK252 as the wild-type template) 
to form complete T7 RNAP homeostasis circuit variants – SK267, SK268, SK269, SK270, 
SK271 and SK272 (Fig 4.6). While the absolute levels of output expression depend on a 
variety of additional factors such as mRNA decay rate, protein degradation rates and 
translation rates, the relative strengths of expression from the mutant T7 RNAP promoters 
can be derived by using an internal reference – SK252. This should also allow the 
comparison of performance of these circuits across different species beyond E.coli. Also, 
it has previously been demonstrated that using an internal in vivo standard to quantify 
activity of promoters leads to improved consistency and accuracy 49. All circuit variants 
were transformed in E.coli DH10B and the sfGFP levels were characterized. The relative 
levels of expression from each homeostasis circuit (SK267-SK272 relative to SK252) 
showed nearly identical levels to that predicted by the model (Fig 4.6). This demonstrates 
how the orthogonal interaction of between T7 RNAP and its promoter can be effectively 
used to achieve predictable levels of expression in a host independent manner dictated 
solely by mutant T7 RNAP promoters. Apart from the mutant T7 RNAP promoters, the 
output levels can be also modulated with the designed translational signals to enable further 
fine-tuning of output levels (Fig 4.7). We incorporated the previously designed RBS panel 
to control output expression in the T7 RNAP homeostasis circuit (Fig 4.7). Thus, overall 
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T7 RNAP homeostasis circuits can be broadly understood as an orthogonal constitutive 
gene expression platform where both transcription and translation strengths can be 
independently controlled. 
After we validated our T7 RNAP homeostasis circuit expression in E.coli DH10B, 
we wanted to characterize the expression levels from T7 RNAP homeostasis circuits, in 
two other E.coli strains - MG1655 and Nissle. The latter is of particular relevance since it 
is a widely used probiotic strain 142. For both strains, we assayed the expression levels of 
circuit variants under the control of T7 RNAP promoter variants (SK252, SK267-S272). 
The relative strengths of expression from these circuit variants showed identical behavior 
in both strains as predicted by the model while negligible leak was observed in the absence 
of T7 RNAP (Fig 4.8).  In addition, for both strains, we characterized the activity of the 
panel of constitutive promoters previously described in Fig 4.3. As expected, the levels of 
output obtained using constitutive promoters was similar to that generated by T7 RNAP 
homeostasis circuits (Fig 4.9). Thus, this demonstrates that a single broad host range 
plasmid T7 RNAP homeostasis circuit can be transferred across different E.coli strains to 
obtain predictable levels of expression dependent on T7 RNAP. 
Cross-species activity of T7 RNAP homeostasis circuits 
Next, we sought to characterize the performance of T7 RNAP homeostasis circuits 
across diverse prokaryotic host chassis. As mentioned previously, all circuit components 
were encoded in a single broad host range plasmid which enabled the easy transfer of 
circuits without any need for additional engineering. We chose three different species of 
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industrial and therapeutic relevance – Pseudomonas putida, Salmonella typhimurium, and 
Serratia marcescens to characterize the performance of T7 RNAP homeostasis circuits. 
P.putida is a well characterized microbe which has been extensively used for industrial 
production of a wide variety of chemicals as well as being engineered for bioremediation 
applications 143. S.typhimurium  has been demonstrated to selectively colonize the hypoxic 
conditions, such as those prevalent in the tumor microenvironments and thus serves as an 
ideal chassis for the selective delivery of therapeutic payloads to these environments 144. 
S.marcescens is an opportunistic pathogen, and the particular strain N10A28 was first 
isolated was first isolated from the gut of honey bees and has since been used as part of the 
bee gut microbiome engineering141. 
First, the panel of constitutive promoters were (SK187-199) were transformed in 
all species and the expression of sfGFP levels were determined (Fig 4.10). As expected, 
the strengths of these promoters varied across the three species likely due to the differences 
in the RNAP binding. Next the T7 RNAP homeostasis circuit (SK252) was transformed in 
the three species and in all cases the circuits demonstrated high levels of output (200-300 
fold) (Fig 4.11). Remarkably, no significant leak observed in any species, thus suggesting 
that this one plasmid design can serve as an orthogonal expression platform without any 
need for additional insulation (Fig 4.11). Also, in each species, T7 RNAP mediated 
expression resulted in similar output levels to that obtained from strong constitutive 
promoters (Fig 4.10). Next, we hypothesized that owing to the orthogonal interaction of 
T7 RNAP and its promoter, the relative levels of expression obtained of the mutant T7 
RNAP promoters driving output expression characterized in E.coli will also be consistent 
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across species. We transformed the panel of circuit variants (SK267-272) in all the species, 
the relative levels of expression compared to SK252 was characterized. The determined 
levels were nearly identical as predicted by the model (Fig 4.11). Thus, this demonstrates 
that T7 RNAP homeostasis circuits can be utilized to precisely modulate and accurately 
predict the output levels across diverse prokaryotic chassis.  
DISCUSSION 
In this work, we have used a highly modular cloning framework to simplify the 
design and characterization of orthogonal transcription control systems driven solely by T7 
RNAP. The UPS architecture described here can seamlessly be adapted for the construction 
of arbitrary genetic program beyond T7 RNAP homeostasis circuitry. While in its current 
instantiation, T7 RNAP homeostasis circuits essentially act as an orthogonal constitutive 
gene expression platform, the construction of more complex transcriptionally controlled 
genetic circuits will require additional regulation of T7 RNAP promoters.  In prokaryotes, 
precise control over the activity of synthetic promoters can be achieved by systematically 
placing transcription factor binding sites (operators) along with host RNAP recognition 
sites via the sigma factor binding sites to generate the optimal response function. In a 
similar manner, the operators of allosteric transcription factors, specifically repressors can 
be used to regulate the activity of a T7 RNAP promoter. By coupling the expression of 
both the regulator and the target promoter under T7 RNAP control, more complex 
transcriptionally regulated circuits can be designed and characterized driven solely by T7 
RNAP. Furthermore, the response function of such promoters, can Such orthogonal control 
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systems based regulated T7 RNAP promoters should enable the construction of more 
complex circuits, whose dynamic behavior will be conserved across species.   
MATERIALS AND METHODS 
Plasmid design and construction 
All oligonucleotides and gblocks were obtained from Integrated DNA 
Technologies (IDT) unless otherwise stated. For the construction of each genetic element 
namely promoters, RBSSs, coding sequences and terminators, first they were checked for 
restriction sites for the following enzymes – BsmBI, BsaI, NotI and AarI. The restriction 
sites in the coding sequences were removed by the use of synonymous codons while the 
other elements did not contain any of these restriction sites. The list of parts and constructs 
are provided in Tables 4.1 and 4.2. The part plasmids were cloned into a common vector 
where each genetic element is flanked by Bsa1 restriction sites followed by appropriate 
overhangs (Table 4.1).  For the assembly of both single TU or multi-TU, the following 
procedure was used: 10 fmol of backbone plasmid and 20 fmol of parts/TUs were used in 
a 10uL reaction with 1ul of 10x T4 ligase buffer along with 100 units of BsaI-v2 (single 
TU) or Esp3I (multi-TU or parts) and 100 units of T7 DNA ligase. The cycling protocol 
used is: 24 cycles of 2 min at 37°C (for digestion) and 3 min at 16°C (for ligation) followed 
by a final digestion step at 37°C for 30min and the enzymes were heat inactivated 80°C for 
20 min. All constructs were transformed into DH10B cells, grown at 37°C using standard 
chemical transformation procedures. The colonies that lack fluorescence were inoculated 
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and plasmids were extracted using Qiagen Miniprep kit according to the manufacturer’s 
instructions. Plasmids were maintained as the following antibiotics kanamycin (50ug/mL), 
chloramphenicol (34ug/mL) and carbenicillin (100ug/mL) wherever required.  The 
plasmids were sequence verified by Sanger sequencing (UT Austin Genomic Sequencing 
and Analysis Facility). The following enzymes were used for the assemblies – BsaI-v2 
(NEB #R3733S), Esp3I (NEB #R0734S) and T7 DNA ligase (NEB #M0318S). 
Bacterial strains and culture conditions 
E.coli DH10B was used for cloning and initial assay purposes. E.coli Nissle was kind gift
from the Davies lab (UT Austin). S.typhimurium strain ELH1301was a kind gift by the 
Shapiro lab (Caltech), S.marcascens N10A28 was a kind gift by the Barrick lab (UT 
Austin) and P. putida KT2440 was obtained from ATCC (#47054). All bacterial strains 
were grown in LB at 37°C except Pseudomonas putida which was grown at 30°C. For all 
strains, the plasmids were maintained using kanamycin (50ug/mL). Electrocompetent cells 
were prepared by inoculating 2mL of LB media. Cultures were grown overnight at 37°C 
in a shaking incubator (250 rpm). The next day, cultures were diluted 1:50 in 25ml and 
grown until reaching an OD600 of ~ 0.8. The entire culture was centrifuged at 3200 g for 
10 minutes at 4°C, the supernatant was subsequently removed, and the remaining cells 
were resuspended in 25mL ice cold 10% glycerol. This process was repeated two more 
times after resuspending in 12.5mL and 6mL 10% ice-cold glycerol respectively. After the 
final wash, the remaining cells were resuspended in 1mL of 10% ice-cold glycerol and 
aliquots of 50uL were made. Aliquots were stored at -80°C for further use. 
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Fluorescence assay and measurement 
For all assays, the single plasmid (100ng) was transformed into 50uL electrocompetent 
cells. using 1.8kV using an E.coli pulser (Biorad). The transformation was recovered 
in 500uL SOC and outgrown for 1 hour at 37°C  (and 30°C for P.putida) and plated on 
selective antibiotic plates. The next day, for each construct, three colonies were picked 
(biological replicates) and grown in 500uL LB with appropriate antibiotics in a 96-well 
deep well plate (Axygen) overnight for 18 hours with 900 rpm shaking. Cultures were 
diluted next day 1:100 and grown until they reached early log phase (~ 3 hours), the 
cultures were further diluted another 1:100 and 100uL sample was added in each well 
of the 96 well plate assay plate (Corning). Plates were covered in Breatheasy membrane 
to allow for aerobic growth and to prevent evaporation. Growth of the samples was 
maintained at 37°C (30°C for P.putida) and orbital shaking at 432 rpm using an 
amplitude setting of 1mm (Tecan M200). The plate was assayed every 20 minutes for 
both sfGFP fluorescence (excitation 485nm and emission 515nm) and OD600 
(absorbance at 600nm). Background fluorescence was subtracted from the observed 
reading (determined by the negative control), and the media specific absorbance was 




Figure 4.1: Design of genetic constructs with the UPS architecture 
A. Assembly of plasmid backbone comprised of origin of replication, resistance marker
and a fluorescent drop-out cassette flanked by AarI sites. B. Assembly of genetic circuit
encoded as modular parts – promoters , RBSs , coding sequences and terminators. Circuits
can be assembled either as a single transcriptional unit (Bsa1) or as multiple transcriptional
units (BsmBI) where each transcriptional unit is assembled in parallel and combined
togther into the final plasmid backbone of choice.
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Figure 4.2: Assay of a constitutively driven mScarlet-I to compare the variation in copy 
number. 
Plasmid backbones with different origin of replication and resistance markers were 
assembled. All the origins shown were assembled with two different resistance markers – 











Figure 4.3: Design and characterization of transcriptional control (constitutive promoters) 
and translational control elements (RBSs)  
 
A. A panel of constitutive promoters was assembled to drive the expression of the output 
(sfGFP) under the control of a strong translational signal into a broad host range plasmid 
(RSF1010 and KanR). B. Characterization of GFP expression from the panel of promoters.  
C. A panel of seven RBSs were designed to regulate the levels of sfGFP production. D. 




Figure 4.4: Design and characterization of T7 RNAP homeostasis circuit using the UPS 
architecture 
A. Modular design of the T7 RNAP homeostasis circuits encoded as three separate 
transcriptional units, where each TU is maintained as separate plasmids. Three broad host 
RBSs were used to drive the expression of T7 RNAP. All the TUs were then assembled 
into the broad host range plasmid (RSF1010 and KanR) B. All three constructs along with 
SK58 (spacer) and SK273 (no T7 RNAP) were transformed in DH10B and assayed for 




Figure 4.5: Model describing the dynamics of the T7 RNAP homeostasis circuits. 
 
The model describing the dynamics of the T7 RNAP homeostasis circuits has been adapted 
from that described in Chapter 3. To quantify the levels of the output expressed from 
mutant T7 RNAP promoters, the highlighted (box) ODE was changed and the levels were 













Figure 4.6: Comparison of output expression from T7 RNAP homeostasis circuit to that 
predicted by a quantitative model. 
A. The mutant T7 RNAP promoters were cloned to drive the expression of sfGFP (TU3) 
and assembled along with the other two TUs to form circuit variants – SK267-SK272. B. 
The output levels obtained were characterized in DH10B and the relative strengths of 





Figure 4.7: Control of output production under T7 RNAP homeostasis circuit using 
different RBSs driving the reporter expression. 
A For the T7 RNAP homeostasis circuit (SK252), the output gene is placed under the 
control of RBS of varying strengths. B The sfGFP expression from each construct was 




Figure 4.8: Characterization of T7 RNAP homeostasis circuits in E.coli MG1655 and 
Nissle strains. 
 
A. The broad host range one plasmid encoding T7 RNAP homeostasis circuit was 
transformed in E.coli strains – MG1655 and Nissle. B. For each species the output 
expression levels (sfGFP) was characterized. The relative strengths of output levels 
obtained from mutant T7 RNAP promoters was determined and compared to those 
predicted by the model. 
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Figure 4.9: Characterization of constitutive promoters in E.coli MG1655 and Nissle 
 
The panel of constitutive promoters (SK187-198) characterized in E.coli strains – MG1655 
and  Nissle. As observed from the expression of the strong constitutive promoter (SK187), 

















Figure 4.10 Characterization of constitutive promoters in three species: Salmonella 
typhimurium, Serratia marcescens and Pseudomonas putida 
 
The panel of constitutive promoters (SK187-199) were characterized in the three species. 
The relative strengths obtained in each case is variable unlike those under T7 RNAP based 
regulation suggesting that orthogonal control over transcription is critical for achieving 





Figure 4.11: Characterization of one plasmid T7 RNAP homeostasis circuit in three 
species -Salmonella typhimurium, Serratia marcescens and Pseudomonas putida. 
 
A. The broad host range one plasmid encoding T7 RNAP homeostasis circuit was 
transferred to three different species – S.typhimurium, S.marcescens and P.putida. B. The 
sfGFP levels obtained from the circuits in each species was characterized. The relative 










Table 4.1: List of genetic parts for the assembly of plasmid backbone 
 
 



















































































































































































































































































































































































































































































































Table 4.1 (continued) 
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Table 4.2: List of elements for the construction UPS genetic circuits 
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Table 4.2 (continued) 
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Chapter 5: Construction of a modular framework for orthogonal gene 
expression and control in plants 
 
In the previous chapter, I demonstrated how T7 RNAP homeostasis circuits can be utilized 
for the predictable expression of target gene independent of the host RNAP control in 
prokaryotes. While T7 RNAP has been shown to be active in eukaryotes, the lack of post-
transcriptional processing of T7 RNAP derived transcripts results in almost no translation 
of these RNAs. Thus, such circuits can’t be ported directly in eukaryotes. However, in 
these species orthogonal transcriptional regulation can be achieved using artificial 
transcription factors to regulate the activity of engineered synthetic promoters, operating 
independent of the host regulatory system. Specifically, in this chapter I have focused on 
the use of the highly programmable RNA-guided transcriptional activator – dCas9:VP64 
in plants to regulate the activity of synthetic promoters, by using specific gRNAs that 
demonstrate minimal cross-reactivity. Interestingly, the activity of dCas9 based 
transcription factors has been demonstrated can be  
ABSTRACT 
As part of increasing the utility of synthetic biology methods for biological 
engineering, a wide range of toolkits have begun to be developed that allow for the modular 
construction of circuits in an increasingly diverse set of organisms. Here we have adapted 
a highly optimized parts and cloning framework to the modular, genome-wide regulatory 
control of plants. The kit is based in part on a highly programmable artificial transcription 
factor (ATF, dCas9:VP64), and orthogonal regulatory control of engineered circuits is 
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ensured via a new class of synthetic promoters.   Guide RNA expression can in turn be 
controlled by either Pol III (U6) or ethylene-inducible Pol II promoters, implementing a 
fully sequence-based Orthogonal Control System (OCS).  As a proof-of-concept for how 
the OCS can be implemented, we demonstrated the ratiometric expression of fluorescent 
proteins in single plants, where the relative ratio of expression could be controlled by 
ethylene addition. Overall, the implementation of the plant OCS toolkit should enable the 
bottom-up construction and manipulation of novel pathways and phenotypes in plants that 
are both buffered from cellular metabolism and able to control it in a highly programmable 
manner.  
INTRODUCTION 
The field of synthetic biology aims to revolutionize biotechnology by rationally 
engineering living organisms 10-14, 145. One aspect of rational engineering is to embed 
biological organisms with complex information processing systems that can be used to 
control phenotypes 11, 12, 25, 132, often via synthetic gene circuits that can predictability 
regulate and tune expression of endogenous as well as transgenes 13, 23, 36, 138.  
However the performance of such synthetic genetic circuits is often plagued by 
unwanted interactions between the circuit components and the host regulatory system, 
which can lead to loss of circuit function 36.  These unprogrammed interactions can be 
mitigated via the design and use of genetic parts that have minimal cross-talk with the host, 
creating orthogonal regulatory or orthogonal control systems (OCS) that can further serve 
as the basis for constructing complex genetic programs with predictable behaviors.  In the 
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last two decades an increasing number of well-characterized genetic parts have been 
combined in circuits capable of complex dynamic behaviors, including bi-stable switches, 
oscillators, pulse generators, Boolean-complete logic gates 16, 17, 20, 25, 146. While OCS and 
the circuits that comprise them were initially characterized in microbial hosts, more 
recently a significant fraction of them have been constructed and characterized in 
eukaryotic hosts such as yeast and mammalian cells 18, 27, 31, 32, 146. More recently, synthetic 
transcriptional control elements have begun to be characterized in plants 147-149.   
While a variety of synthetic plant transcription factors containing diverse DNA 
binding domains and plant-specific regulatory sequences are known 147, 149, orthogonal 
control requires more programmable DNA binding domains and modular regulatory 
domains 42, 69, 147, 149.  To this end, we describe an alternate strategy for the construction of 
orthogonal transcriptional regulatory elements in plants, powered by a single universal 
transcriptional factor – dCas9:VP64 which has been shown to work in a wide variety of 
eukaryotic species, including plants 31, 44, 45.  While this transcription factor has primarily 
been used for the regulation of endogenous genes 44, 45, 70, here we characterize a modular 
framework for the more universal design and use of synthetic promoters that rely only on 
the production of specific gRNAs to program dCas9:VP64, and the use of this set of 
mutually orthogonal promoters for the bottom-up construction of circuits that show 
multiplexed control of gene expression.  
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RESULTS 
Construction of the APT (Advanced Plant Technology) toolkit  
Traditionally the process of construction of these synthetic gene expression systems 
has relied on time-consuming practices of recombinant DNA technology like design of 
custom primers, PCR amplification, gel extraction of PCR products. Over the last decade 
the advent of high-throughput cloning techniques, such as Golden-gate cloning with Type 
IIS restriction enzymes, has greatly accelerated the design-build-test cycle for the 
construction and prototyping of synthetic circuits 25, 28, 138, 139. Because the overlaps for 
assemblies can be modularly specified, multiple parts can be assembled sequentially in a 
single tube reaction.  
While a Golden-Gate framework was previously described for the construction of 
plant expression vectors 150, here we used the highly optimized modular cloning (MoClo) 
framework, instantiated as a yeast toolkit (YTK) as the basis of our architecture 28. 
Recently, beyond yeast expression vectors, this framework has been adapted for the 
construction of a mammalian toolkit (MTK) 138. Along with both YTK and MTK, a plant 
toolkit based on the YTK architecture will prove essential for seamlessly porting parts and 
circuits across diverse eukaryotes. Briefly, in this framework the entire vector is divided 
into particular ‘part’ types flanked by BsaI restriction sites followed by a unique ligation 
site. Promoters, genes and terminators are generally categorized into Type 2, 3 and 4 parts 
respectively where each part type has a unique overhang that dictates the compatibility 
between part types 28, 138 (Fig 5.1, 5.2). This preserves the architecture of each 
transcriptional unit (promoter-gene-terminator). For the assembly of multiple 
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transcriptional units (TU), each transcriptional unit is first cloned into an ‘intermediate’ 
vector flanked by connector sequences that dictate the order of the TUs to be stitched 
together. By using appropriate connectors, each TU can be further assembled into a final 
expression vector in a single pot reaction (Fig 5.2) [20]. This modular approach enables 
rapid assembly of increasingly complex genetic circuits comprised of multiple 
transcriptional units.  
Since Agrobacterium-based transformation has been the staple for plant genetic 
engineering for decades 151, we used compatible vectors as the basis for our toolkit, and 
designed and constructed three YTK-compatible shuttle vectors. Each expression vector 
contains the pVS1 replicon (an Agrobacterium origin of replication – OriV and two 
supporting proteins – RepA and StaA) and pBR22 origin for propagation in Agrobacterium 
and E.coli respectively, and a common antibiotic selection cassette (KanR) that has been 
shown to be functional in both species (Fig 5.1, Materials and Methods)  139, 150. The three 
constructs otherwise differed in the plant selection marker - BASTA, hygromycin, and 
kanamycin.  The resistance markers were expressed from the Nos promoter and also 
contained a Nos terminator 150 (Fig 5.1). The backbone also contains a GFP drop-out 
cassette that allows easy identification of correct assemblies, which should appear as 






Assaying reporter expression using the APT toolkit 
Fluorescence and luminescence reporters are frequently used to study protein 
localization and interaction in plants and animals 152. To provide these useful reporter parts 
in the context of our system, we cloned the strong promoter from Cauliflower mosaic virus 
(35S) as a Type 2 part and its corresponding terminator as a Type 4 part 153, 154. These parts 
can be matched with a number of fluorescent reporter genes (GFP, BFP, YFP and RFP) all 
as Type 3 parts for robust reporter expression. Combinations of these proteins can also 
potentially be used for BIFC (Bimolecular Fluorescence Complementation) 155.  Similarly, 
luciferase is commonly used in plant molecular biology to study circadian rhythm 156, test 
the spatiotemporal activities of regulatory elements 157, and to study the plant immune 
system 158, 159. The toolkit therefore also contains a luciferase gene from Photinus pyralis, 
commonly known as firefly luciferase (F-luc) 148.  
Single TUs comprised of a 35S promoter, fluorescent reporter genes and the 
luciferase gene, and a terminator that serves as a polyadenylation signal were assembled 
into the Agrobacterium shuttle expression vector (Fig 5.3). The activity of constructs was 
assayed using transient expression in Nicotiana benthamiana 150. As expected, we see 
strong activity of the promoter with the expression of the respective reporter genes (Fig 
5.3). In order to diversify the promoters used in circuits (and thereby avoid recombination 
and potentially silencing), we also included a well-characterized promoter from the Ti 
plasmid that drives mannopine synthase (Pmas) 160-163.  When the 35S promoter was 
swapped with Pmas, similar expression levels of YFP were achieved (Fig 5.3). 
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Development of an Orthogonal Control System (OCS) to regulate transgene 
expression  
One of the primary difficulties with using synthetic biology principles and methods 
to engineer organisms, especially in eukaryotes, is that the functionality of synthetic 
circuits is often plagued by unwanted interactions of the circuit ‘parts’ with the underlying 
regulatory machinery of the host 164. As a particularly relevant example, systems developed 
in the past for transgene expression caused severe growth and developmental defects in 
Arabidopsis and Nicotiana benthamiana 165, 166.  Therefore, it is paramount to develop 
regulatory tools to control transgene expression that minimizes the impact on endogenous 
plant machinery/physiology, while maintaining the modularity and scalability of synthetic 
approaches in general.  
A potential solution to this problem is to develop orthogonal ‘parts’ that of necessity 
function independently of endogenous regulation by the host.  For our plant toolkit, we set 
out to develop a fully integrated Orthogonal Control System (OCS) based on orthogonal 
synthetic promoters driven by an Artificial Transcription Factor (ATF).  We started with 
the deactivated form of the Cas9 protein (dCas9) fused to the transcriptional activator 
domain VP64 as a highly programmable ATF 45, 70.  While dCas9:VP64 has previously 
been shown to upregulate the expression of endogenous genes via specific guide RNAs 
(gRNAs) that target the promoter region upstream of those genes 44, 167, this strategy has 
not been utilized for the construction of a fully orthogonal system in which custom 
promoters can be similarly regulated.  Here we develop a suite of synthetic promoters 
(pATFs, promoter for Artificial Transcription Factor) in which each promoter has a similar 
modular architecture:  varying number of repeats of gRNA binding sites followed by a 
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minimal 35S promoter 153, 154.  This system is inherently scalable, since new binding sites 
bound by new gRNAs can be built at will.  The complete list of parts (promoters, genes 
and terminators) is provided in Table 5.1-5.5. 
We initially varied the number of gRNA binding sites (3 and 4) upstream of the 
minimal 35S promoter, and analyzed expression of the reporter using transient assay in 
Nicotiana benthamiana. Three repeats provided the best expression of the reporter gene 
without significant background (Fig 5.4). The promoter architecture was further assayed 
for leaky expression by generating pATF:YFP/BFP/RFP constructs and expressing gRNA 
constitutively in the absence of dCas9:VP64 (Fig 5.4).  None of these constructs show 
expression above background (Fig 5.4). However, upon the addition of constitutively 
expressed dCas9:VP64 cassette to the circuit,  induction of  reporter protein expression was 
observed (Fig 5.4). Each pATF demonstrated comparable levels of expression 
(pATF1:YFP - 3-fold, pATF3:BFP - 6-fold and pATF4:RFP - 2 fold) compared to that 
obtained from the regular 35S promoter (6-fold; Fig 5.3). The basic features of the pATF 
and corresponding gRNAs can thus form the basis for the OCS and should allow us to 
predictably control reporter and other gene circuits.  The complete list of assembled OCS 
circuits is provided in Table 5.6; as the reader will see, OCS circuitry can be organized in 
terms of increasing complexity and demonstrates how the Design-Built-Test approach can 
be used to empirically generate ever more substantive plant phenotypes. 
In order to show that the OCS designs could also function in stable transgenic 
Arabidopsis thaliana lines, we assembled the OCS 1-1 and 4-1 circuits Table 5.6; 
constitutive YFP and luciferase expression, respectively) in an Agrobacterium expression 
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vector containing with a kanamycin selectable marker as described previously.  These OCS 
constructs were successfully transformed into Arabidopsis thaliana plants (Fig 5.5).  As 
expected, the OCS 1-1 T1 plants exhibited constitutive YFP expression (Fig 5.5) while the 
OCS 4-1 plants were imaged (as described in Methods) and the constitutive expression of 
luciferase was confirmed (Fig 5.5).  Thus, the modular circuits assembled using the toolkit 
function in two species, as infiltrates in Nicotiana and as transgenics in Arabidopsis.  
Inducible gene expression system via the OCS framework 
The ability to precisely regulate the activity of the transgenes/circuit components 
based on specific input stimuli is a key feature in programmable synthetic circuits 168, 169.  
In order to enable orthogonal control of induction, we designed gRNA expression cassettes 
to produce functional gRNAs from inducible Pol II promoters.  To prevent nuclear export 
of gRNAs due to capping and polyadenylation, we used the hammerhead ribozyme (HHR) 
and Hepatitis Delta Virus (HDV) to cleave the 5’ and the 3’ ends of the gRNA, respectively. 
This strategy has been previously shown to lead to the expression of functional gRNAs 
from Pol II promoters,  with activity similar to those driven by the Pol III (U6) promoter 
170.  
To proof the ribozyme processed gRNA constructs, OCS circuits were assembled 
where gRNAs were either expressed from a U6 promoter (OCS 1-1) or the 35S promoter 
(OCS 1-5), and could subsequently activate the transcription and expression of reporter 
genes (YFP) (Fig 5.6).  For both OCS circuits, downstream reporter gene expression was 
observed, at similar levels (Fig. 5.6).  The specific levels of gRNA obtained in each case 
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were analyzed using qRT-PCR (Fig 5.6), and as expected the level of gRNA from the 
strong Pol II (35S) driven expression was higher than those obtained with the U6 promoter 
while similar levels of reporter expression were observed for both cases, thus 
demonstrating that this Pol II driven gRNA expression strategy can be effectively used for 
OCS activation (Fig 5.6). For both these constructs the expression of hdCas9 (human codon 
optimized dCas9) was also confirmed via Western blot analysis (Fig 5.7).   
In order to demonstrate that the Pol II-driven gRNAs could be used as part of an 
inducible OCS we used the well-characterized synthetic EBS promoter containing the 
EIN3 binding 171, and placed YFP under the downstream control of the ATF (via pATF-1) 
(Fig 5.8).  This circuit (OCS1-9) should be inducible by the volatile organic compound 
(VOC) ethylene, which is produced from its precursor ACC (1-aminocyclopropane-1-
carboxylic acid).  Time-dependent expression of YFP is observed in response to 10uM 
ACC induction (Fig 5.8).  Both the gRNA-1 and YFP expression levels were quantified 
before and after induction by qRT-PCR, a maximum of 3-fold induction was observed for 
both cases (Fig 5.8). Thus, this demonstrates that the activity from synthetic promoters can 
be controlled via the selective expression of the corresponding gRNAs.       
Construction of a panel of mutually orthogonal synthetic promoters 
Lack of multiplexed control of transgenes has been a major factor limiting the 
development of synthetic circuits in plants 14, 145.  Multiplexed regulation in turn requires a 
panel of mutually orthogonal promoters and control elements that can operate 
simultaneously 14, 145.  Our strategy for synthetic promoter design naturally leads to the 
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generation of expression cassettes that are not only orthogonal to the host but are also 
mutually orthogonal.  The degree of orthogonality can be tuned at will via the sequence 
design of the multiple gRNA components.  By simply minimizing homology between 
gRNAs, we constructed two additional promoters similar to the architecture of pATF-1, in 
which gRNA binding sites were followed by a minimal 35S promoter (pATF-3 and pATF-
4).  The orthogonality of these promoters was assayed by assembling expression constructs 
in which each synthetic promoter controlled the production of a unique fluorescent reporter 
(pATF-1: YFP, pATF-3: RFP and pATF-4: BFP).  The respective gRNAs (gRNA-1, 
gRNA-3 and gRNA-4) were separately transcribed from a U6 promoter (Fig 5.9).  When 
expression constructs were infiltrated into Nicotiana benthamiana, each of the synthetic 
promoters was specifically upregulated only when its corresponding gRNA was expressed; 
no background was detected from the remaining two synthetic promoters. (Fig 5.9).   
Construction of complex ratiometric circuits 
Now that we have a suite of mutually orthogonal promoters, we sought to construct 
simple circuits where the activity of each promoter could be independently controlled.  
Three separate reporter proteins were used to simultaneously monitor the activity of two 
promoters:  pATF-1 with YFP, while both RFP and BFP were under the control of the 
pATF-3.  By leveraging the designed, orthogonal behavior of these promoters it proved 
possible to construct a ratiometric circuit wherein the activity of pATF-1, and hence YFP 
expression, was under the control of ethylene (via ACC), while pATF-3 constitutively 
drove the expression of RFP and BFP (Fig 5.10).  As expected, the addition of 10uM ACC, 
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induced the expression of YFP from the pATF-1 promoter (3-fold), while the expression 
of the other reporters remained constant (Fig 5.10).  The ratiometric response was further 
validated by qRT-PCR; pATF-1 was induced 3-fold following a similar increase in 
expression of gRNA-1 while there were no changes observed in the transcription of the 
other two reporter genes (Fig 5.10). The predictable behavior of the designed, artificial 
control elements in the ratiometric circuit is one of the first examples of complex circuitry 
to be described in plants, and demonstrates uniquely how natural metabolism and 
regulatory circuitry can be interfaced with free-standing orthogonal control systems. 
DISCUSSION 
While a number of modular cloning frameworks have been demonstrated in plants, 
there is still a lack of well-characterized orthogonal genetic parts.  In particular, 
transcriptional orthogonality is one of the bedrocks for circuit construction in synthetic 
biology, and generally serves as the basis for the bottom-up construction of complex 
circuitry for predictable dynamics 25, 27, 36.  For eukaryotes the construction of multiple 
promoter elements is hindered by the typically complex regulatory sequences that lie 
upstream and within promoters 172-174.    
The design of synthetic eukaryotic promoters has traditionally implemented a 
common architecture, where a strong transcriptional initiation region is cloned downstream 
of orthogonal DNA binding operator sequences and the latter serve as landing pads for 
synthetic transcription factors 42.  The engineered transcription factors have typically 
consisted of DNA binding proteins (i.e., prokaryotic DNA binding proteins like TetR, LacI, 
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LexA and PhIF 6, 68, 175) fused to well characterized transcriptional activation domain like 
VP64.  With the advent of programmable DNA binding proteins like zinc finger proteins 
and TALEs the repertoire of synthetic promoters greatly increased 42, 69, 176, 177.  That said, 
each new synthetic promoter still requires the construction and characterization of its own 
unique transcription factor 42, 177, 178.  
These bottlenecks can be circumvented by the use of the highly programmable 
RNA-guided DNA binding protein dCas9 45.  The dCas9 RNP fused to transcription 
activation domains such as VP64 has been used for the upregulation of endogenous genes 
in a wide variety of eukaryotic species like yeast, mammalian cells and plants 31, 44, 45, 
179.   Here, we have used adapted this ‘universal’ transcription factor to control the 
expression of synthetic and orthogonal promoters without the need of addition of any other 
factors.  Using our modular framework, we were able to quickly design and characterize a 
panel of mutually orthogonal promoters that could drive the production of a variety of 
outputs, singly and in parallel, including different fluorescent proteins (GFP, BFP, RFP 
and YFP) and luciferase.   
The activities of dCas9 based transcription factors can potentially be controlled by 
simply regulating the expression of their corresponding gRNAs 27, 31, enabling the coupling 
of natural and synthetic transcription units, and thus natural and overlaid metabolic 
responses.  Here we have effectively used this strategy to couple ethylene sensing (via 
known EIN3 binding sites) to synthetic (pATF) promoters.  Moreover, by changing the 
number and arrangement of gRNA binding sites synthetic promoters with different levels 
of activation can be generated, providing further opportunities for design 180.  While it has 
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been previously shown that a panel of minimal plant promoters can be used with natural 
DNA binding sequences for modulating promoter strengths 147, the addition of completely 
artificial, synthetic promoters as control elements should create opportunities for 
increasing the specificity and strengths of engineered promoters. 
Since our strategy for designing synthetic promoters is generalizable it is likely that even 
more complex circuits can be built by simply incorporating other transcription factor 
binding sites, or by changing the regulatory ‘headpiece’ on the dCas9 element (for 
example, to a repressor), 181-183. 
The stabilities of genetic circuitry in plants can be greatly modified by silencing 
and recombination, amongst other mechanisms 160, 161, 163.  In this regard, the artificial 
promoter elements that we generate can potentially be crafted to avoid repetition 147, and 
thus to better avoid silencing and recombination.  As viable artificial promoter sequences 
continue to accumulate, they can be compared and contrasted to identify those that are least 
vulnerable to modification over time. The facile addition of new parts to the standardize 
toolkit architecture, particularly terminators, will further increase opportunities to avoid 
repetition in ways that again go well beyond what is possible by relying on just a few well-
characterized endogenous elements alone. 
The implementation of orthogonal control systems in plants can be used to limit 
cross-talk between natural and overlaid regulatory elements, allowing more precise 
response to a variety of inputs, from VOCs to hormones to temperature, water, and 
nutrients.  The use of orthogonal control systems to enable more precise responses to 
pathogenesis is especially intriguing given the presence of R genes that are specifically 
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responsive to individual pathogens (effector triggered immunity, ETI) 184.  The architecture 
we have developed is fully generalizable, and can potentially be expanded to non-model 
plants and other eukaryotic species such as yeast and mammalian cells by the use of 
appropriate transcription initiation regions under the control of similar gRNA sequences 
binding sites 71. 
MATERIALS AND METHODS 
Plasmid design and construction 
The plant expression vector was generated using the plasmid pICH86966 
(Addgene#48075) as the backbone. The lacZ expression cassette was replaced with the 
GFP dropout sequence Table 5.2 to make the plasmid compatible with YTK architecture 
design.  All parts described in Table 5.1, were cloned into the backbone pYTK001 
(Addgene #65108). For the individual transcriptional units, the backbone used was 
pYTK095 (Addgene #65202) along with the appropriate connector sequences described in 
Table 5.3. For the design of orthogonal gRNAs, random 20-mers were generated that had 
a GC content of ~50%, and that were at least 5 nucleotides away from all sequences in the 
Nicotiana and Arabidopsis genomes. All oligonucleotides and gblocks were obtained from 
Integrated DNA Technologies (IDT) unless otherwise stated.  
For the construction of each genetic element namely promoters, coding sequences and 
terminators, first they were checked for restriction sites for the following enzymes – 
BsmBI, BsaI, NotI and DraIII. The restriction sites in the coding sequences were removed 
by the use of synonymous codons while the other elements did not contain any of these 
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restriction sites. The complete list of parts and constructs are provided in Table 5.1-5.6. 
The part plasmids were cloned into a common vector where each genetic element is flanked 
by Bsa1 restriction sites followed by appropriate overhangs Table 5.1.  For the assembly 
of both single TU or multi-TU, the following procedure was used: 10 fmol of backbone 
plasmid and 20 fmol of parts/TUs were used in a 10uL reaction with 1ul of 10x T4 ligase 
buffer along with 100 units of BsaI-v2 (single TU) or Esp3I (multi-TU or parts) and 100 
units of T7 DNA ligase. The cycling protocol used is: 24 cycles of 3 min at 37°C (for 
digestion) and 5 min at 16°C (for ligation) followed by a final digestion step at 37°C for 
30min and the enzymes were heat inactivated 80°C for 20 min. All constructs were 
transformed into DH10B cells, grown at 37°C using standard chemical transformation 
procedures. The colonies that lack fluorescence were inoculated and plasmids were 
extracted using Qiagen Miniprep kit according to the manufacturer’s instructions Plasmids 
were maintained as the following antibiotics kanamycin (50ug/mL), chloramphenicol 
(34ug/mL) and carbenicillin (100ug/mL) wherever required.  The plasmids were sequence 
verified by Sanger sequencing (UT Austin Genomic Sequencing and Analysis Facility). 
The correct constructs were then transformed into Agrobacterium tumefaciens strain 
GV3101 (resistant to Gentamycin and Rifampicin) and used either for transient expression 
in Nicotiana benthamiana or to generate stable lines in Arabidopsis thaliana. The 
following enzymes were used for the assemblies – BsaI-v2 (NEB #R3733S), Esp3I (NEB 
#R0734S) and T7 DNA ligase (NEB #M0318S). 
 
Plant material, bacterial infiltration  
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Nicotiana benthamiana and Arabidopsis thaliana plants were grown in soil at 22°C, and 
16 hr light period. For transient expression, three weeks old plants were syringe-infiltrated 
with Agrobacterium tumefaciens strain GV3101 (OD600 = 0.5) and leaves were imaged 
under Olympus BX53 Digital Fluorescence Microscope or harvested for RNA and/or 
protein analysis. To create stable transformation in Arabidopsis, floral dip method 185 was 
used. T1 plants were selected on half MS Kanamycin (50µg/ml) plates and the selected T1 
plants were analyzed using an Olympus BX53 Digital Fluorescence Microscope  and a 
NightOwl imager for YFP expression and luciferase expression, respectively. For circuits 
that constitutively expressed YFP (OCS1-1) and luciferase (OCS4-1) no other obvious 
phenotypic differences were observed across numerous individual plants. 
 
RNA extraction and qRT-PCR 
RNA was extracted using TRIzol reagent (Ambion). 1µg total RNA was used to synthesize 
cDNA. After DNaseI treatment to remove any DNA contamination, random primer mix 
(NEB #S1330S) and M-MLV Reverse transcriptase (Invitrogen #28025-013) were used 
for first strand synthesis. qRT-PCR was used to quantify the RNA prepared from transient 
expression experiments. AzuraQuant qPCR Master Mix (Azura Genomics) was used with 
initial incubation at 95 °C for 2 min followed by 40 cycles of 95 °C for 10 sec and 60 °C 
for 30sec. Level of target RNA was calculated from the difference of threshold cycle (Ct) 




ACC treatment  
To check the induction of reporter in response to ACC in the plasmids containing 
pEBS::YFP/RFP/BFP, Nicotiana benthamiana leaves were infiltrated with 
Agrobacterium; after three days post infiltration, leaf discs were cut using cork borer and 
incubated in either 0µM or 10µM ACC for four hours. Fluorescence microscopy was used 
to check YFP expression after induction. 
 
Fluorescence and Luminescence imaging 
Fluorescence microscope images after Agrobacterium mediated transient expression of 
YFP, BFP, RFP and GFP in Nicotiana benthamiana leaves were taken using an Olympus 
BX53 Digital Fluorescence Microscope. For this purpose, leaf discs were cut using cork 
borer from the area which was infiltrated. Images were taken using either 10X objective 
lens using the default filters for YFP (500/535nm), BFP (385/448nm), and RFP 
(560/630nm). The UV filter (350/460nm) was used to take GFP images. The exposure and 
gain setting were kept constant for each filter within each experiment to compare multiple 
leaf discs (3 to 6). In all the experiments a leaf disc from a leaf which was not infiltrated 
with Agrobacterium was used as a negative control in order to account for background 
fluorescence. All experiments were performed at least three times independently as 
indicated in the Results. 
Expression of luciferase was detected using NightOwl II LB 983 in vivo imaging system 
(https://www.berthold.com/en/bioanalytic/products/in-vivo-imaging-systems/nightowl-
lb983/). Leaves/plants were sprayed with 100µM D-luciferin, Potassium salt (GoldBio 
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#LUCK-300). After 5 min of incubation, images were taken in the NightOwl II LB 983. 
Images were captured with a backlit NightOWL LB 983 NC 100 CCD camera. Photons 
emitted from luciferase were collected and integrated for a 2 min period. A pseudocolor 
luminescent image from blue (least intense) to red (most intense), representing the 
distribution of the detected photons emitted from active luciferase was generated using 
Indigo software (Berthold Technologies). 
Western blot  
Total protein was extracted using urea-based denaturing buffer (100 mM NaH2PO4, 8 M 
urea, and 10 mM Tris-HCl, pH 8.0) and used for immunoblot analysis to check the 
expression. The proteins were fractionated by 8% SDS-PAGE gel and transferred to a 
polyvinylidene difluoride (PVDF) membrane using a transfer apparatus according to the 
manufacturer’s protocols (Bio-Rad). The membrane was treated with 5% nonfat milk in 
PBS-T for 10 min for blocking, and then incubated with Cas9 antibody (Santa cruz, 7A9-
3A3, 1:500) at 4 °C for overnight. After incubation, the membrane was washed three times 
for 5 min and incubated with horseradish peroxidase-conjugated anti-mouse (1:10000) for 
2 h. The Blot was washed with PBS-T three times and detected with the ECL system 
(Thermo scientific, lot# SE251206).  
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Figure 5.1. Schematic overview of the APT design-build-test cycle  
 
A. Genetic elements such as promoters, genes and terminators are encoded as modular 
parts consisting of BsaI recognition sites flanked by specific overhangs to ensure the 
hierarchical assembly of transcriptional units. Once assembled, the constructs are 
transformed into Agrobacterium and the reporter expression is characterized in Nicotiana 
benthamiana leaf infiltrates B. Design of the shuttle vector backbone used for the assembly 








Figure 5.2:   Schematic demonstrating the assembly of single (A) or multiple (B) 
transcriptional units into a plant expression vector.  
 
A single transcription unit consists of a promoter, gene and a terminator parts while for 
multiple transcriptional units, each TU is flanked by appropriate connector sequences. The 
arrows depict the restriction sites for Bsa1 (A) and Esp3I (B). B) Schematic showing the 
assembly of multiple TUs into plant expression vector where each TU is encoded in 
separate plasmids flanked by appropriate connector sequences.  
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Figure 5.3. Characterization of reporter constructs assembled using APT toolkit.  
A. Fluorescence microscope images showing Agrobacterium mediated transient 
expression of YFP, BFP, RFP and GFP under the control of 35S promoter into Nicotiana 
benthamiana leaves. Images on the left are from non-infiltrated leaves (negative control) 
captured using the appropriate filter at same exposure and gain settings as was used for the 
positive images on the right (Material and Methods). B. Relative integrated density of 
each fluorescence signal (shown in panel A). Integrated density was measured using image 
J software and normalized to that of a non-infiltrated control (con). Error bars: S.D. (n=3, 
independent replicates). Asterisks indicate statistical significance in a student t-test 
(P<0.05). C. Luminescence reporter luciferase expression shown by Agrobacterium 
mediated transient expression of luciferase in Nicotiana benthamiana leaves. Left half of 
the leaf was not infiltrated with Agrobacterium. D. Fluorescence microscope images 
showing Agrobacterium mediated transient expression of YFP under MAS promoter in 





Figure 5.4. Characterization of activity of synthetic pATF promoters.  
 
A. Circuit design of dCas9 based artificial transcription factor-controlled activation of 
synthetic promoters (pATFs). Specific gRNAs are produced by U6 promoter while the 
expression of the dCas9-VP64 is under the control of the 35S promoter. Reporter genes are 
under the control of the synthetic promoter (3 repeats of the gRNA followed by minimal 
35S promoter to the artificial promoter (gRNA binding site) upstream of a specific 
fluorescence reporter. B. Fluorescence microscope image showing Agrobacterium 
mediated transient expression of YFP, BFP and RFP into Nicotiana benthamiana leaves 
with dCas9-VP64 (bottom panels) and without dCas9-VP64 (upper panels) using three 
different gRNAs. Images were captured using the appropriate filter (Materials and 
Methods) at same exposure. C. Relative integrated density of each fluorescence signal 
(shown in panel B). Integrated density was measured using image J software and 
normalized to that of the control (con; - dCAS9-VP64). Error bars: S.D. (n=3, independent 
replicates). Asterisks indicate statistical significance in a student t-test (P<0.05).   
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Figure 5.5. Evaluation of OCS reporter gene expression in transgenic Arabidopsis plants.  
 
A. Image showing Kanamycin selection of the transgenic Arabidopsis seedlings on MS 
media. Seedlings highlighted in the red circle have successfully incorporated OCS circuit. 
Transformation efficiency is within reasonable ranges (~1%) determined by a simple 
evaluation of the identified seedlings. B. Fluorescence microscope image of Arabidopsis 
transgenic T1 plants containing the constitutive expression of YFP under the OCS control 
(OCS 1-1). Scale bar: 50 μm C. Image showing Kanamycin selection of the transgenic 
Arabidopsis seedlings on MS media using luminescence reporter (OCS4-1) taken using the 
NightOwl (Methods). D. Image of a T1 Arabidopsis plant containing OCS4-1 at the rosette 
stage after spraying the luciferin (Methods) containing OCS4-1. This image, taken at the 
rosette stage using NightOwl after luciferin spray, shows that the luciferase expression is 
active throughout the adult plant. A non-transgenic plant on the left was used as a negative 
control in the luminescence reporter assay.   
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Figure 5.6 Design and characterization of gRNA expression modules under the control of 
Pol II promoters.  
A. OCS1-1 circuit generates RNA using U6 (Pol III) promoter while OCS1-5 circuit 
generates gRNA using 35S (Pol II) promoter flanked by self-cleaving ribozymes – 
HammerHead (HHR) and Hepatitis Delta Virus (HDV). B. Fluorescence microscope 
images showing Agrobacterium mediated transient expression of OCS constructs with two 
modalities of gRNA expression (OCS1-1 and OCS1-5). Control images were taken without 
dCAS9-VP64 expression. Scale bars: 200 μm C and D. Quantification of the gRNA-1 
expression in OCS constructs (OCS 1-1 (C) and OCS 1-5 (D)) using qPCR relative to 5S 
rRNA. Error bars : S.D. (n=3, independent replicates) E. Relative integrated density of each 
fluorescence signal (shown in panel B). Integrated density was measured using image J 
software and normalized to that of the control (con; - dCas9-VP64). Error bars: S.D. (n=3, 
independent replicates). Asterisks indicate statistical significance in a student t-test 







Figure 5.7.  The expression of hdCas9 for both OCS 1-1 and OCS 1-5 was confirmed via 







Figure 5.8. Characterization of an ethylene inducible orthogonal control system.  
A. OCS1-9 circuit (gRNA-1 is expressed by ethylene inducible EBS promoter) B. Time 
course fluorescence microscope images showing Agrobacterium mediated transient 
expression of OCS1-9 in Nicotiana benthamiana leaves after induction with 10μM ACC. 
Scale bars: 200 μm C and D. qPCR quantification of gRNA-1 (C) and YFP (D) expression 
before and after induction with ACC, where both show similar levels of induction 
demonstrating that the relative change in gRNA-1 expression (ethylene induction) results 
in the differential activation from the pATF-1 promoter. Error bars: S.D. (n=3, independent 
replicates), Asterisks indicate statistical significance in a student t-test (P<0.05).  
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Figure 5.9. Degree of orthogonality of synthetic promoters.  
 
A. OCS circuit containing all three synthetic promoters (pATF-1, pATF-3 and pATF-4) 
driving three different reporter genes namely YFP, BFP and RFP respectively with a single 
gRNA expressed one at a time under the control of U6 promoter. B. Fluorescence 
microscope images showing Agrobacterium mediated transient expression of OCS 
constructs in Nicotiana benthamiana leaves. Scale bars: 200 μm C. As observed from the 
fluorescence images, only the specific gRNA:pATF pair is active, thus demonstrating that 
the synthetic promoters are mutually orthogonal Relative integrated density of each 
fluorescence signal (shown in panel B). Integrated density was measured by image J 
software and normalized to the highest value. Error bars: S.D. (n=3, independent 
replicates). Asterisks indicate statistical significance in a student t-test (P<0.05).   
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Figure 5.10. Design and characterization of a ratiometric circuit.  
 
A. OSC3-5 contains YFP which is inducible by ACC (pATF-1), while BFP and RFP are 
constitutively expressed under the control of pATF-3 via the constitutive expression of 
gRNA-3. B. Fluorescence microscope images showing Agrobacterium mediated transient 
expression of the ratiometric OCS construct (OCS3-5) in Nicotiana benthamiana leaves 
with or without 10μM ACC. Scale bars: 200 μm C. qPCR quantification of YFP, BFP 
and RFP shows that YFP is induced after the treatment with ACC while the expression of 
BFP and RFP remains unchanged before or after ACC induction. Error bars: S.D. (n=4, 












List of genetic elements used.  
 
Highlighted regions in red indicate BsaI recognition sites and the corresponding 
overhangs are highlighted in blue. 
 
Table 5.1: Promoters  
 









































































































Table 5.1 (continued) 
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Table 5.2: Terminators 
 











ATGCTGTGAGACC   
Table 5.3 Coding sequences 
 






























































































































































































































































































Table 5.4: gRNA expression cassettes 
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Table 5.4 (continued) 
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Table 5.5: Plant expression vector backbone elements 
 
 















































































































































































































































































































Table 5.6:  List of OCS constructs used 
 





U6 driven constitutive 
expression of gRNA-1 
leading to constitutive 
expression of YFP under the 
control of pATF-1 promoter 
 
TU1 : U6 :gRNA-1 (1013 bp) 
TU2 : pATF-1: YFP: T35S (1231 bp) 





35S driven expression of 
gRNA-1 (flanked by 
ribozymes) leading to 
constitutive expression of 
YFP under the control of 
pATF-1 promoter 
 
TU1 : P35S: HHR-gRNA-1-HDV:T35S (1001 
bp) 
TU2 : pATF-1 : YFP: T35S (1231 bp) 
TU3E : P35S : dCas9:VP64: T35S (5162 bp) 











expression of gRNA-1 under 
the control of EBS promoter. 






TU1 : EBS: HHR-gRNA-1-HDV:T35S (917 
bp) 
TU2 : pATF-1 : YFP: T35S (1231 bp) 





U6 driven constitutive 
expression of gRNA-1 
leading to constitutive 
expression of Luc under the 
control of pATF-1 promoter 
 
TU1 : U6 :gRNA-1 (1013 bp) 
TU2 : pATF-1 : Luc: T35S (2150 bp) 






Ratiometric circuit where 
YFP under the control of 
pATF-1 inducible by 
ethylene, while RFP and BFP 
under the control of Patf-3 are 
constitutively expressed 
 
TU1 : EBS: HHR-gRNA-1-HDV:T35S (917 
bp) 
TU2 : pATF-1 : YFP: T35S (1231 bp) 
TU3:  pATF-3 : BFP : T35S (1228 bp) 
TU4:  U6 :gRNA3 (1013 bp) 
TU5: pATF-3 : RFP : T35S (1214 bp) 
TU6E : P35S : dCas9:VP64: T35S (5162 bp) 
 
 








Used as the backbone of the shuttle vector; Contains the 
pVS1 and pMB1 replicons, KanR (bacterial) as well as a 





Backbone for cloning all the parts listed in Table S1 

































































Contains the connector R5; Used for the construction of 
TU5 


















































Table 5.7 (continued) 
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Some concluding thoughts 
 
As cells engineered with synthetic gene circuits find increasing utility in practical 
applications in the form of engineered probiotics and smart immunotherapy, moving 
forward there is a need for establishing a paradigm for the construction of such circuits 
with robust and predictable behavior across diverse organisms. In my opinion, the design 
of orthogonal control systems specially focused on transcriptional regulation will be 
essential in realizing this goal. Over the last few years, a number of strategies have been 
adopted to engineer such systems with the use of orthogonal transcription factors, novel 
sigma factors (prokaryotes), and occasionally using an entirely orthogonal RNA 
polymerase in the form of T7 RNA polymerase (T7 RNAP). After spending the last few 
years, trying to understand the nuances behind the circuit design incorporating these 
components, I have realized a few things that I feel can be of broad utility to the synthetic 
biology community.  
First, while any arbitrary circuit topology can be designed on paper, construction 
of recombinant plasmids encoding them remains far from trivial. Majority of the circuits 
described in this work was only feasible because of the modular architecture that enabled 
their facile construction. The time and effort I spent in the design and characterization of 
such an architecture proved to be critical in realizing some of the seemingly impossible 
circuit designs. While a number of strategies have previously been described, I have 
attempted to unify most of the cloning efforts under a single framework (Chapters 4 and 
5). These architectures will hopefully allow the reusability of genetic parts and plasmid 
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backbones which is essential as we attempt to characterize complex gene circuits across 
diverse species possibly under a universal paradigm.   
The T7 RNAP based expression platform (homeostasis circuit) described in this 
work (Chapter 3 and 4) here is among the first steps in creating a universal gene expression 
platform, at least in prokaryotes. However, in its current form, it acts only as a constitutive 
expression platform. In a manner analogous to what was achieved in the early 2000s, I 
believe a number of circuit topologies need to be explored using T7 RNAP as the primary 
transcription engine. The most obvious next step will be the construction of inducible 
systems based on this platform that can be reliably ported across species. The significance 
of these systems might not be obvious at a first glance; however, we need to remember, 
that such gene switches were the cornerstone of most synthetic gene circuits that have been 
built in the last two decades. I imagine that in such a system, T7 RNAP promoters can be 
combined with transcription repressor operators to control the expression of a given output, 
while the expression of the respective transcriptional regulator is placed under the T7 
RNAP control. The expression of both components can then be systematically optimized 
with the use of mutant T7 RNAP promoters similar to the strategy described in Chapter 4. 
Once a set of optimized expression parameters have been identified, they need to be 
validated across species. Such T7 RNAP based orthogonal gene switches can then be 
stitched together to construct more complex control systems similar to the ones that have 
traditionally relied on the host RNAP regulation. One of the interesting circuit topologies 
(and perhaps the simpler one) that can be built first will be the toggle switch. Given that 
the toggle switch architecture consists of two dueling repressors, it can be readily expanded 
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to work with T7 RNAP promoters. The characterization of these circuits will also require 
extensive modeling, not only in E.coli but also in other species. The portability of such 
circuits, and not just simple expression across diverse species will be a significant step in 
establishing genetic programs with ‘universal’ parts and modules.  
Apart from these gene switches and modules, the expression of dCas9 based 
transcription factors and associated gRNA arrays, can also be placed under T7 RNAP 
control.  Utilizing the programmability of the gRNA design, they can be readily adapted to 
modulate the expression of endogenous genes (apart from synthetic promoters), thus 
opening up the possibility of implementing large phenotypic changes under orthogonal 
transcription control. In particular, it has previously been shown in yeast that T7 RNAP 
expressed gRNAs can be used to regulate the activity of dCas9 based activators. Thus, in 
theory any control system based on T7 RNAP can be adapted to work in eukaryotes using 
the dCas9:VP64 to effectively transduce the signal. Overall, I can imagine large control 
systems based on T7 RNAP as the basic transcription engine, and the highly programmable 
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